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EXECUTIVE SUMMARY

A team of scientists and engineers of the US Air Forces' Wright Laboratory
conducted an assessment of electrical power technologies for use by the Air
Force in operating a seismic observatory on Burnt Mountain in the Alaskan
Interior. This seismic observatory is critical to verification of nuclear test ban
treaties. Because of its remote siting and national security mission the
observatory must operate unattended for long periods at a high level of
operational reliability. Recent forest fires have raised fears that fire damage to
the RTGs could result in radioactive contamination of the Burnt Mountain
region.

The evaluation criteria for this assessment included reliability of operation,
safety of local residents, wildlife, and Air Force maintenance technicians; and
over=!l life-cycle cost. Selection of the optimum power generation technology
is .urther complicated and heavily driven by the severe operating environment
compounded by the remoteness of the location. It is these site-related criteria
that drive the selectirn of a safe and economical power source for Burnt
Mountain.

This assessment evaluated a number of proven candidate power generation
technologies; including, radioisotope and propane-fueled thermoelectric
generators (RTGs and TEGs), engine- and wind-driven mechanical generators,
chemical storage batteries, fuel cells, photovoltaics. and electrical transmission
lines from Fort Yukon to Burnt Mountain. After initial evaluations were
completed., the assessment focused on the most promising technologies:
thermoelectric generators (RTGs and TEGs), photovoltaic generators (PV), and

a PV/TEG hyo.id system. Several emerging technologies were also evaluated
for potential aplication.

The assessment concluded that continued use of the RTGs is clearly the safest,
most reliable, and most economical approach to supplying electrical power to
the Burnt Mountain Seismic Observatory. The seismic observatory on Burnt
Mountain has been safely and economically powered by RTGs since its
installation in 1973. They should continue to be operated until the end of their
useful power life. The first unit falls below the required power level in 2009.

For an added margin of safety it is recommended that combustible materials be
cleared annually from the equipment sites.

A logical plan would be to phase out the RTGs as they reach the end of their
useful lifetimes. This approach would also provide the opportunity to field test
replacement systems without jeopardizing the reliability of the observatory
operations. The assessment further concluded that. at this time, propane-
fueled TEGs appear to be the best candidate for immediate replacement of the
RTGs. However. by the end of the projected useful lifetime of the RTGs other,
emerging technologies may prove more economical and safe than the TEGs.
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1.0 INTRODUCTION
1.1 PURPOSE

The purpose of this study is to identify an electrical power source which is
suitable for use at remote, inaccessible locations in the Arctic region. The
technology must present the lowest possible health and safety risks to both
local inhabitants and the technicians involved in installation and servicing.
The technology should also produce minimal impact on the local flora and
fauna. In addition to the restrictions regarding health, safety, and
environmental impact, the candidate technology must possess a life cycle
cost which is acceptable to the American taxpayers.

1.2 SCOPE

This study included all power production technologies capable of the power
levels required by the application. After determining adequacv of
performance, further down selecting was performed based on reliability,
environmental issues, and cost. The principal focus of this study was on
proven power production technologies. Those power production concepts
which were based on emerging technologies did not receive thorough
performance and cost analvses.

1.3 BACKGROUND

The United States Air Force has had a long-standing need for power sources
capable of operating, unattended. for long periods of time at remote,
inaccessible sites. One such application concerns providing electrical power
for a remote seismic observatory site on Burnt Mountain in the Alaskan
Interior. This seismic observatory is critical for nuclear test ban treaty
monitoring. This site is currently powered by strontium-90 "fueled”
Radioisotope Thermoelectric Generators (RTGs). Forest fires during the
summer of 1992 at the observatory site raised fears of radicactive
contamination within the Bumt Mountain area. Local residents surfaced
their fears through their elected US Senators, Murkowski and Stevens, who
in turn requested that the Air Force conduct an assessment of power
production technologies. In December 1992, the Air Force Technical
Applications Center (AFTAC) requested that Wright Laboratory (WL) conduct
an assessment of electrical power sources appropriate for use at the Burnt
Mountain observatory.

The Wright Laboratory team of scientists and engineers evaluated a variety of
power systems including radioisotope and propane-fueled thermoelectric
generators (RTGs and TEGs), engine- and wind-driven mechanical
generators, chemical storage batteries. fuel cells, photovoltaics. and
electrical transmission lines from Fort Yukon to Burnt Mountain. There
were several emerging power production concepts which were not




thoroughly evaluated during this study. These emerging technologies have
not yet reached a stage of technology readiness which would produce the
reliable power systems needed for the Burnt Mountain application. These
emerging technologies are briefly addressed in Section 2.6 of this report.

1.4 SITE DESCRIPTION

The Burnt Mountain Seismic Observatory is located in the Yukon River
Valley south of the Brooks Mountain Range at 67.42° north latitude and
144.61° west longitude. The two nearest settlements are Arctic Village.
approximately 50 miles to the northwest, and Fort Yukon, approximately
56 miles south of the observatory. Fort Yukon is also the principal staging
area for Air Force service operations to Burnt Mountain.
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FIGURE 1.4-1 Layout of Burnt Mountain Seismic
Observatory Showing Distarnces Between Sensors

The seismic observatory is made up of five individual sensor sites which are
identified as Ul, U2, U3, U4 and U5. Each site consists of a borehole for
the seismic sensor and a wooden frame shelter for housing two RTGs and
associated electronic equipment. For the purpose of data transmission,
surface laid cables connect the five Remote Terminals (RTs) to the Remote

2




Operating Facility (ROF) which is located near site U3. Data from the RT

sites is collected at the ROF and transmitted to Ft Yukon via line-of-sight

UHF radio. Figure 1.4-1 shows the layout ot the Burnt Mountain Seismic

Observatcry. Figure 1.4-2 is a schematic illustration of site electronics for

both the ROF and the five RTs. Security fences surround each equipment

shelter and the area around each site is cleared to a diameter of

approxiinately 100 feet. Two additional shelters are located at the ROF near

site U3. One serves as lodging for maintenance crews and the second -
shelters the all terrain service vehicle based at Burnt Mountain.
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FIGURE 1.4-2 Power Requirements and Distribution

Diagram of Equipment for Burnt Mountain Seismic
Observatory

The terrain at Burnt Mountain varies from b.rren rocky ground to areas of
considerable overhead and ground cover. Permatrost in the area is
discontinuous which requires that detailed soil surveys be performed before
embarking on construction projects. The area around the ROF appears to be
the most stable and might serve as the best location for installing a central
power generator should that arrangement be selected. The elevation at
Burnt Mountain is approximately 2000 feet above mean sea level (MSL).

The nearest weather observatory is at Fort Yukon. Typical weather
characteristics recorded at Fort Yukon are:




e Temperature -71°F to +100°F
¢ Precipitation 17 inches annually
e Wind speed Average < 5 kts (5.75 MPH), gusts to 35 kts
(40 MPH), measured between Jan. 80 and
Dec. 89.

1.5 POWER REQUIREMENTS

Table 1.5-1 presents the measured electrical loads for each of the seismic
sensor sites (RTs) and the ROF site at the Burnt Mountain Seismic
Observatory. If a centrally located power system is used additional power
would be required to compensate for transmission line losses. A more
complete discussion of the centrally located versus independently located
power systems is presented in Section 1.7.

- TABLE 1.5-1 Required Power Formats and Measured
Loads at the Burnt Mountain Seismic Observatory

Site Instrument Format Load(Watts)

ROF | Data Multiplexer 129 VAC 2.21

ROF | Voice Link 129 VAC 10.11

ROF | Radio Data Link 12 VDC 5.02

U1l |Remote Terminal 25 VDC 8.99

U2 |Remote Terminal 25 VDC 9.18

U3 |Remote Terminal 25 VDC 8.83

U4 |Remote Terminal 25 VDC 8.95

U5 |Remote Terminal 24 VDC 9.01
TOTAL POWER 62.30

1.6 LOGISTICS

The remote location of the Burnt Mountain Seismic Observatory creates
unique problems of supply and maintenance for any potential power system
which ‘depends on consumable fuels. Surface transportation between
Fairbanks and Ft Yukon is best effected by barge up the Yukon River each
year after the spring thaw. Surface transportation between Ft Yukon and
Burnt Mountain is non-existent. There are no roads and the Arctic tundra is
fragile. All supplies and personnel must be flown by rotary wing aircraft
(helicopter) into the observatory site.

The extreme environmental conditions and the vagaries of weather also
create additional concerns regarding safety and observatory reliability.

All logistical cperations into Burnt Mountain must be supported by
helicopter. Resources include both US Army and commercial contractors.
There is a strong possibility that future US Army helicopter support might
not be available as the result of budget reductions: therefore, transportation




support through local contractors might be required. There are no
commercial heavy lift helicopters available for cargo operations based in
Alaska. Columbia Helicopters, of which Alaska Helicopters is a division,
operates Vertol-107 and commercial CH-47D helicopters to support the
timber industry in the state of Oregon. The cost of rebasing either of these
aircraft to the Fairbanks area was quoted at approximately $90.,000. Table
1.6-1 contains the rates and load limits for the type of helicopters which are
available at this time.

TABLE 1.6-1 Helicopter Rates and Limits for Military and
Commercial Operators in Alaska.

| Source | me | Cost/Hr Passentgers ! Cargo(Lbs) ‘
US Army UH-1 $591 5 1200
" CH-47D *$3,490 40 20,000
" UH-60L $1,650 12 8000
" OH-58A $311 2 100
HeliLift, Inc 206B $525 3 700
" 206L $750 4 800
» 212 *$2,285 9 2500
Alaska
Helicopters |Vertol-107| *$3,500 12 8,000
" CH-47D | *$5,620 40 20,000

* Cost per Hour includes fuel (wet).

Fuel will have to be purchased in Fort Yukon or delivered by barge. A Bell
212 is the only heavy lift (up to 2500 lbs of cargo fully fueled) helicopter
commercially available in the Fairbanks area. It burns approximately 100
gallons of fuel per hour. The round-trip flight time between Burnt Mountain
and Fort Yukon is 1.5 hours and 5 hours between Fairbanks and Ft Yukon.
The commercial fuel costs are $3.60 per gallon.

Transportation costs accounted for the majority of all estimated costs
associated with the Burnt Mountain logistics operations.

1.7 CENTRAL versus INDEPENDENT POWER SOURCES

For an application such as the Burnt Mountain Seismic Observatory. there
are two options for installing the electrical power sources:

1) Power all sites from a common power source at a convenient,
centrally located site.

2) Equip each site with its own independent power source.




Power generated at a central site would be distributed to the remaining sites
by either surface laid or buried cable along the existing cable ways. The
power source was assumed to be located at the ROF (near site U3) which
contains the data multiplexing and transmission equipment, and is already
connected to each of the RT sites by data cable.

For most of the technologies considered, the central power system
appeared to be the most effective. Chemical, mechanically driven, and
photovoltaics systems appeared to benefit most from a centrally located
power source. The minimum size chemical and mechanical power systems
produce output power levels (100 to 300 watts) well in excess of that
needed to overcome distribution line losses. Some of the RT sites might be
shielded from direct sunlight by ridge lines which would reduce the
effectiveness of PV systems at those sites. Additional construction in the
form of wind turbine towers and solar PV towers is more costly and
environmentally disruptive; e.g.. three wind turbine towers at a single site is
better than three towers at five separate sites.

As a result of transmission line losses, the annual propane requirements for
the TEG system is increased by approximately 25%. Independent propane
fueled thermoelectric generators at each site is more attractive since the
TEG size and power output format is similar to the existing RTGs.

There is also the question of overall mission reliability associated with the
central power system. In the case of a failure of a central power source, the
entire seismic observatory would be out of operation. With an independent
power source for each site, a power system failure would affect only the site
in question. It should be noted that the fuel storage facility for any
combustion driven device would be vulnerable to forest fires which frequent
the Burnt Mountain area.

Resistive losses associated with direct current transmission of power will
require that power be converted from low voltage (24V) DC output to high
voltage (120 V) DC for more efficient transmission. The DC/DC conversion
is on the order of 75% efficient and must be included for both ends of the
transmission line. In addition, there are power losses associated with cable
impedance.

The transmission line losses for the central power source configuration
were calculated and the results are presented in Figure 1.7-1 and Table 1.7-
1. Figure 1.7-1 illustrates the trade-off between low voltage DC and high
voltage DC transmission of power from a centrally located power source to
the remaining sites. The ordinate represents the total power that must be
input to the transmission line system (at the ROF) to ensure the requisite
power at each RT site. The selection of 10 gauge wire indicates a power
input requirement of approximately 66 watts: 36 watts for the four RT sites
and 30 watts for line resistance and conversion losses. At a diameter of
0.153 inch, the 10 gauge wire can also be easily handled during installation.
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FIGURE 1.7-1 Transmission Line Losses as a Function
of DC Voitage and Transmission Line Wire Size. A Central
Power Source is Assumed to be Located at the ROF.

Table 1.7-1 contains an estimate for wire material costs and weight
associated with installing the power transmission lines. Installation costs
are presented in Section 5.0. Figure 1.4-1 was the source of information
regarding cable lengths between the ROF site and each of the RT sites. The
calculations were based on handbook values for available Mil-Standard
electronics equipment. The primary contribution to power loss in the
transmission line system is the DC-DC converters whose efficiencies are
typically 75%. It is expected that better DC-DC converter efficiencies can be
achieved and the input power requirements presented in Figure 1.7-1 are
worst case examples.

TABLE 1.7-1 Estimate of Wire Costs and Weights for Power
Transmission Lines at Different Wire Gauges.

Wire Gauge Wire Cost | Wire Dia(In) | Weight (Ibs)
6 $62.200 0.257 11,150
8 $36.600 0.218 6.940
10 $28.100 0.153 4,530
12 $15,100 0.122 2.484
14 $11.100 0.105 1,656




. 2.0 TECHNICAL EVALUATION of CANDIDATE POWER SOURCES

Power generating systems based on several different energy conversion.
technologies were evaluated for the Burnt Mountain Seismic Observatory; to
include, thermoelectric, photovoltaic, chemical, and mechanical.
Commercial power from Fort Yukon was also considered as a source of
power for the Burnt Mountain observatory.

It was recognized that the Burnt Mountain project could not afford to be
ensnared in technical development problems; therefore, only technically
sound power systems with field service history were considered as primary
candidates. The thermoelectric and photovoltaic systems are the most
promising alternatives and the majority of the study effort was focused on
these concepts.

It should be noted that the use of any renewable energy source (wind or
photovoltaic) would require complete weather surveys at each RT site and
the ROF before a more accurate assessment of these technologies could be
made.

There are a number of conversion methods that show promise for remote
site power sources, but, at this time, are still in the developmental stage.
Eventhough these emerging technologies were discounted at the outset of
the study, brief descriptions of these power system concepts are presented
in Section 2.6. )

2.1 THERMOELECTRIC POWER SYSTEMS

Discovery of the thermoelectric effect has permitted the development of
small, self-contained electrical power sources. The basic theory, known as
the Seebeck effect, states that a voltage is generated when one junction
between two dissimilar materials is hotter than the other junction. The
voltage is proportional to the temperature difference between the cold and
hot junctions of the materials. Any uniformly controlled source of heat can
be used to supply energy to a thermoelectric element. Fossil fuels and
radioisotope fuels are the most widely used heat sources for terrestrial
applications.

Two main classes of thermoelectric semiconductor materials are in common
use today, and each has its own temperature limitations. Bismuth tellurides
operate in the very restricted temperature range of 0 to 300°C (32 to 572°F)
and exhibit device conversion efficiencies of 3 to 5%. Bismuth tellurides are
used in fossil-fueled thermoelectric generators. [Teledyne Report, 1971]

Materials based on lead telluride, germanium telluride, silver antimony
telluride, tin telluride, and various alloys of these materials operate in the
broader range of O to 500°C (32 to 782°F) and are more efficient. These
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materials are typically used in radioisotope thermoelectric generators. ‘\\ 4.
Conversion efficiencies are typically 5 to 8%. [Teledyne Report, 1971; \

In spite of these relatively low conversion efficiencies, thermoelectric
generation of electrical power is attractive because it operates without

moving parts and can provide relatively stable output over long periods of
time.

2.1.1 PROPANE FUELED THERMOELECTRIC GENERATORS (TEGs)

2.1.1.1 Principles of Operation

A thermoelectric generator converts thermal energy to electrical energy. It
performs this conversion directly; i.e., no intermediate steps or devices
other than the thermoelectric device are required. Combustion
thermoelectric generators obtain the necessary thermal energy by the
combustion of propane, butane, or natural gas fuel.

2.1.1.2 Background

Experimental investigations conducted at the US Army Electronics
Technology and Devices Laboratory, Fort Monmouth, New Jersey. have
shown thermoelectric generators to be practical and efficient power sources
for military applications. TEGs are being widely used in Antarctica as
electrical power sources for a number of unmanned scientific applications
where temperatures range between O°F and -130°F. AFTAC uses
thermoelectric generators to provide a portion of the power required for
the Alaskan Long Period Array near Fairbanks, Alaska.

Although the combustion thermoelectric generators are off-the-shelf items
and are capable of providing the necessary power for the Burmmt Mountain

area, there are some significant questions regarding fuel supply and storage L
for these devices. e

2.1.1.3 Performance Assessment

This assessment is based on the TELAN thermoelectric generator
manufactured by Teledyne-Brown Engineering (formerly Teledyne Energy
Systems) of Hunt Valley, Maryland. The attractive and reliable feature of the
TELAN system is the heat source which utilizes a catalytic combustor which
virtually eliminates problems with "flame-out” at low temperatures.

The TELAN 2T series of generators produce 12, 24, or 48 volts for various
conventional uses such as telecommunications, navigational aids, and
instrumentation. It is available in 10 watt increments up to 90 watts
nominal output.

Combustion thermoelectric devices which meet the Burnt Mountain
requirements are not extremely large or bulky. A 10 watt device is
approximately 2 cubic feet in volume and weighs 33 lbs. A 40 watt device
has a volume of 5.4 cubic feet and weighs 93 lbs.




If a centrally located generator is used, a total of 94 watts would be required
because of transmission line losses. The largest TELAN system will generate
a maximum of 91 watts at 24 volts; therefore, two TEGs must be used. For
this study, it was assumed that a 10 watt and a 90 watt generator would be
combined. The combined weight of the TEGs is 126 lbs.

To ensure reliability requirements, a back-up TEG is required. It is also
necessary that the devices be equipped with electronic ignition and remote
start/stop capability. Systems are available with controller circuitry to
monitor line voltages. When the voltage drops below a certairn value a relay
closes, which triggers a sparker to ignite the back-up generator. Each site
will also require a 12V battery for ignition and start/stop capability.
Commercially available switching systems have been used as part of hybrid
photovoltaic/ combustion TEG systems.

An annual fuel consumption for thermoelectric generators using propane
was determined for independently pcwered sites. Data based on one year of
operation at an ambient temperature of 77°F and burner box temperature of
535°F have been used for estimating average fuel consumption. Alsc a
heating value of 19,944 Btu/lb. has been used. Based on manufacturer's data,
the fuel consumption would be 12 Ibs/week for each of the RT sites and 48
Ibs/week for the ROF site. A total annual fuel consumption of 4,992 lbs has
been calculated for independent generators at each RT site and the ROF
site. This is based on the primary only, not the backup, generator operating
at each site.

TABLE 2.1.3-1 Summary of Performance Estimates for Both
Central and Independently Sited TEG Power Systems

Electric Power Centralized Independent

Rguirements Power Source | Power Sources
ROF and site U3 26 watts 26 watts
RT sites Ul, U2, U4, U5 36 watts 36 watts
Transmission Line System
Power Losses 30 watts -0-
TOTAL Power Required 92 watts 62 watts
TEG Power Capacity 100 watts 74 watts
TEG Propane Consumption 6.240 lbs/yr. 4,992 Ibs/yr.
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The annual fuel consumption was found to be higher for the central site
configuration. This is because an additional thirty watts of power is
necessary to compensate for DC/DC conversion and losses in the power
distribution cables. If 10 gauge wire is used, the input power, at the ROF
site, would be approximately 66 watts to ensure 9 watts at each RT site (Ul,
U2. U4, US). This requires a total annual propane consumption of
approximately 6300 lbs or approximately 1300 lbs per year additional fuel to
support the central site concept. Table 2.1.3-1 is a summary of performance
estimates for a TEG power system.

2.1.1.4 Reliability Factors '

Thermoelectric generators are solid-state devices which require minimal
maintenance. Teledyne-Brown Engineering quotes a mean-time-between-
failure (MTBF) of 34 years for a 20 watt generator and 16 years for a 60 watt
generator. Note that these numbers relate to catastrophic failures.

A major concern was the exposure of the thermoelectric generator to the
temperature extremes (-71°F to +100°F) characteristic of the Burnt
Mountain location. The low temperatures, especially below -40°F, tend to
extinguish the combustor flame. During this study, it was discovered that a
number of remote site operators ares successfully using TEGs at
temperatures more severe than those encountered at Burnt Mountain.
There are approximately seven sites located on the Antarctic polar plateau at
elevations of 6.000 to 11,000 feet. The sites are disiributed somewhat
uniformly about the South Pole at latitudes between 70° and 86°. Some of
the sites have been in operation since 1986.

The site operators indicated that standard flame combustors did experience
frequent "flame-out” and that operational experience with TEGs was
"miserable”. In 1991, the site operators installed TELAN type TEGs with
catalytic combustors which are manufactured by Teledyne-Brown
Engineering. The experience with these TEGs has been very good. The
only problem has been blockage of the combustor fuel jets at low
temperatures. The blockage is apparently due to the condensation of the
mercaptan fuel additive at low temperatures which then blocks the fuel jets.
Mercaptan is added to propane to give it a distinctive odor as a safety
precaution. A 10 gallon sump tank installed between the propane fuel tanks
and the combustor allows the mercaptan to condense in the sump tank
rather than the combustor fuel jets. This arrangement appears to solve the
problem. [Doolittle, 1993]

The propane tanks at the Antarctic sites are installed above ground. The
tanks are pressurized with nitrogen gas to ensure that propane fuel is alwavs
forced to the combustor jets during periods when the temperature falls
below -40°F (-40°C). These TEGs operate continuously and waste heat from
the TEG is used to ensure that the propane is vaporized before entering the
combustor. One potential problem is cold start of a TEG at temperatures
less than -40°F (-40°C). This low temperature startup scenario would be
typical of the TEG-PV hybrid power system concept. It is possible that the
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temperature could be in the liquid propane range when solar insolation
drops to the point where the TEG is required. According to the
manuiacturer, the TELAN TEG can be configured to switch on at a
predetermined temperature, say -30°F, and operate in a standby mode. This
would effectively eliminate the problems with -40°F startup. [Doolittle,
1993]

The TEGs should be housed to provide protection from any adverse effects
such as corrosion due to rain, ice, and snow. The present shelters used for
the RTGs would provide sufficient conditions for the TEGs. If the propane
fuel tanks were to be buried at the Burnt Mountain sites, soil surveys must
be performed to determine if permafrost stabilization methods would be
required for construction of the storage facilities.

2.1.1.5 Safety and Environmental Factors

The principal system risk factor for the TEG is the transportation of the
propane fuel. Fuel can only be airlifted in to the site by helicopter.
Refueling trips would increase the frequency of helicopter flights into the
region with an attendant increase in the risk of serious accident and
possible loss of life. The US Army has not reported any serious accidents;
however, the increased sorties into Burnt Mountain would increase the risk.

The fragile tundra in the area introduces concerns associated with the size
and location of fuel storage tanks, especially if buried. The storage tanks for
fossil fuels would be extremely vulnerable to the forest fires that frequent
the area. Although there have been no reports of vandalism in the twenty
year history of Burnt Mountain operations, current interest could lead to
problems. Fortunately the site is remote and difficult to access. The remote
location should not impact the maintenance of the combustion
thermoelectric devices due to the high reliability of the devices. However,
the remoteness of the site does raise safety concerms with respect to
helicopter transport of propane fuel.

TEGs are very similar to the existing RTG's. and can use existing shelters.
The environmental impact of installing and operating the combustion
thermoelectric generators should be negligible. The impact of burying the
tanks is not expected to be serious. Due to the remote location and small
amount, exhaust products do not represent a threat to health. Potential
hazards for TEG installations would be fuel spills and/or fires. Forest fires
could also cause serious damage at the site. Although the ahove problems
are serious as applies to the operation of the seismic equipment, the
likelihood of occurrence is quite low and any impact on the nearby
population would be minimal.

2.1.1.6 Unique Factors

The TEG can be used as the backup power system for a PV power system.
The TEG would make up the deficit power during periods of low insolation.
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2.1.1.7 Cost

A portion of the first year expenses, including required optional equipment
such as electronic ignition, remote start/stop capability, controller circuitry,
and a 12 V battery, for the required TEGs at the 5 sites is approximately
$68.500. Based on fuel usage with a TEG at each site, it is anticipated that
one 500 gallon fuel storage tank should be located at each site with a second
tank installed for increased reliability. If a ceatral site is used, it will
probably be necessary to install three 1000 gallon tanks. The seemingly
large amount of tankage required is due to the low safe fill factor of 75%.
Based on material price factors for the Burnt Mountain area. 500 gallon tank

prices are approximately $1500. The 1000 gallon tanks are assumed to cost
twice as much.

Fuel costs can be broken down into an initial filling cost and the annual
refueling costs. The initial fueling cost is higher because there is excess
capacity with the combination of tanks selected. The tanks are "topped-off”
the first year, then refueled annually on a prescribed schedule. This

arrangement provides fuel margin for unexpected refueling problems in
future years.

An estimated 30 year life cycle cost for the use of combustion
thermoelectric generators at Burnt Mountain has been developed for both
the centralized and the distributed TEG alternatives. With any alternative
power source chosen for Burnt Mountain operations, there will be
significant costs to remove and dispose of the current RTG's along with the

cost of additional Environmental Assessment and Impact Studies. Note that
the cost of RTG removal has not been included in Table 2.1.7-1.
TABLE 2.1.7-1 Summary of Life Cycle Costs for Propane Driven
Thermoelectric Generators. Cost of transport is based on the use
of Commercial Bell 212 helicopters.

Cost Element Central Distributed
TEG Power System Hardware 49,400 68,500
Initial Fueling Expenses $89,700 $103.800
Transmission Line Construction $392.800 0
Propane Tank Installation $192,100 $180.700
Management/Engineering $155.700 $75.900
FIRST YEAR EXPENSES $879,700 $428,900
Replacements (one time) $49,400 $68,500
Annual Cost of Propane $9.500 $7.500
Annual Cost of Refueling Trips $22.800 $20.600
Management/Engineering $6.900 $6.000
29-YR TOTAL OF ANNUAL EXPENSES $1,136,800 $988,900
TOTAL LIFE CYCLE COSTS $2,065,900 $1,486,300
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2.1.1.8 Summary

Evaluation of propane fueled thermoelectric generators has shown these
devices to be a viable power source for use on Burnt Mountain. A strong
point of this technology is that devices are mil-spec, off-the-shelf modular
components which can be configured to meet poewer requirements at each
of the five sites. Another advantage is that these systems pose no sericus
health problems for the equipment technicians or any nearby population.
The major drawback to the use of this technology is the difficulty, cost, and
safety risk associated with refueling at the remote Burnt Mountain location.

2.1.2 RADIOCISOTOPE THERMOELECTRIC GENERATORS (RTGs)

2.1.2.1 Principles of Operation

In radioisotope power devices, thermal energy is generated by the natural
radioactive decay of a radioisotope. The thermal energy is then converted to
electricity bv a suitable conversion method. The most widely used
conversion method is thermoelectric conversion as discussed in the
beginning of Section 2.1.

The are approximately 1300 radioisotopes of which only about eight are
useful fuels for RTGs. Isotopes are divided into two groups consisting of

Type 1 and Type 2. Type 1 isotope fuels are B-emitters and are prepared

from spent fission reactor fuels. Type 2 isotope fuels are a-emitters and are
prepared by neutron irradiation in fission reactors. Type 1 fuels generally
produce lower power densities, but are lower in cost than Type 2 fuels.
They also present a greater hazard of X-ray and y-ray radiation and must be
more carefully encapsulated in suitable shielding material.

Strontium-90 is one of the most widely used B-emitters. In its fuel material
form, strontium titanate (SrTiO3) was selected because of its fire resistance
(1910°C or 3470°F melting point), shock resistance, and low solubility in
water. The low solubility is an important feature in keeping strontium out of
biological systems.

A description of the RTG's principle components which are illustrated in
Figure 2.1.2.1-1 is contained in the following paragraphs.

1...The Radioisotope Heat Source used as the heat source for these
RTGs is strontium-90 fabricated as strontium titanate.

2...Fuel Cladding or Capsule consists of a stainless steel liner and
nickel base superalloy {Hastelloy C) which encases the fuel. Stainless steels
melt at about 1450°C (2640°F) and Hastelloys exhibit melting temperatures
of approximately 1350°C (2460°F).
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3...Radiation Shield (Biological Shield). This component is fabricated
from tungsten (melting point of 3415°C or 6179°F) and provides the
majority of the RTG's radiation shielding. This shield, in combination with
the RTG's outer housing, reduces radiation levels to less than 10 mR/hr at
one meter distance from the RTG's surface. As a way of calibrating this
radiation level, a typical chest x-ray is 45 mR and smoking one cigarette is
7.5 mR. Standing one meter from the surface of an RTG for four hours is
equivalent to one chest x-ray. One and one-half hours of exposure to an RTG
is equivalent to smoking two cigarettes.

4...Thermoelectric Converter Module. This element of the RTG
converts heat generated by decay of the radioisotope into electricity. The
thermoeijectric modules are approximately 5 % efficient.

(" &.FINNED )
COOLING HEAD

4...THERMOELECTRIC

7..PRESSURE VESSEL CONVERTER MODULE

HOUSING LID

1._RADIOISOTOPE J...RADIATION SHIELD

HEAT SOURCE (BIO-SHIELD)
2_.FUEL CLAD
5..THERMAL
6..HOUSING INSULATION

FIGURE 2.1.2.1-1 Schematic Diagram of a Typical
RTG Used for Terrestrial Applications. The diagram
k illustrates the major features of an RTG.

J/

5...Thermal Insulation is used between the shield and outer housing to
direct heat from the source across the thermoelectric module.

6...Housing. This component, along with the cover, provides the outer
casing and environmental enclosure for the RTG. The housings for the
three models installed at Burnt Mountain are constructed from either cast
iron (melting point 1230°C or 2246°F), forged carbon steel (melting point
1147°C or 2097°F) or aluminum (melting point 660°C or 1220°F). The
fasteners used to hold the housing and cover together require special tools
for assembly. This feature discourages unauthorized disassembly of the RTG
power unit.
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7...The pressure vessel housing cover, along with the housing, form
the pressure containment fcr all the components in the RTG system. The
cover is fabricated from the same material as the housing and is attached to
it by bolts.

8...The thermoelectric modules convert only 5% of the heat to
electricity: therefore, the remainder of the heat energy is rejected by the
Finned Cooling Head. Thermal control is passive and not subject to failure
because of defective pumps. electronic controls or valves.

Appendix A is the original environmental assessment for the use of RTGs.
Additional information regarding the RTGs installed at Burnt Mountain is
contained in Appendix B.

2.1.2.2 History

RTGs have demonstrated a long and safe history as power sources for
remote, inaccessible sites. Use of RTGs began in 1961 and has continued to
the present time. In addition to the 58 RTGs manufactured by Teledyne
Brown Engineering for terrestrial applications. there are also 41 RTGs
which have been successfully launched into space by the United States
between 1961 and 1990. The RTGs used on Burnt Mountain were designed
for use by the U.S. Navy. The Air Force acquired them as surplus equipment.

2.1.2.3 Performance Assessment

The presently installed RTGs have already demonstrated that they fulfill all
the mission requirements of the Burnt Mountain Seismic Observatory:
therefore, there is no necessity for analytically demonstrating the
performance capability of this power system. This portion of this
assessment will focus instead on describing the RTG design requirements
and features.

2.1.2.4 Reliahility Factors

Radioisotope-powered thermoelectric generators are especially inviting
power sources because of their intrinsic reliability and simplicity. As of
March 1992, 45 of the terrestrial RTGs are still operational with no failures
or radiation leaks throughout their operational history. The approximate
number of failure-free hours accumulated by terrestrial RTGs is slightly less
than 9,000,000 hours.  The term failure in this context refers to failure of
the container for the isotope heat source which is the center of controversy.
The first RTG was installed at Burnt Mountain in 1973 and has performed
flawlessly throughout its deployment. Nine additional units were installed in
1985 and have continued this unbroken line of safe, reliable operation. It is
this demonstrated safety and reliability that supports the continued
operation of the RTGs for the Burnt Mountain application.
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2.1.25 Safety and Environmental Factors

The ten (10) RTGs are housed in environmental shelters which protect
them from weather. Regularly scheduled preventative maintenance and
radiation survey trips ensure that the RTG power sources continue to
function reliably with no ill effects for environment or personnel. Seismic
grcund motion data from the observatory is monitored around the clock on a
daily basis: consequently, any fail'res or problems with the power system
are known immediately.

RTGs are designed to withstand a number of tests which are formulated to
assess safety during normal transport and certain hypothetical accident
scenarios. The specific purpose of these tests is to ensure that the RTG
would survive exposures to fire, mechanical shock. and thermal shock
without damage to its radioactive containment capability. These are
requirements applied only to the design of the fuel capsule which is Item 2
shown in Figure 2.1.2.1-1. The bio-shield and external housing provide
additional safety margin beyond the fuel capsule requirements. Following
each test, the fuel capsule must be leak tested to demonstrate that it does
retain its original leak tightness. The tests include:

e Fire...the fuel capsule is heated to 800°C (1472°F) for 30 minutes.

¢ Impact...Capsule is dropped 9 meters onto a flat, concrete supported
steel plate.

¢ Percussion...the capsule must be struck by a steel billet with impact
equivalent to 7 kg falling through a distance of 1 meter.

¢ Thermal shock...while at its maximum operating temperature, the
capsule is plunged into O°C water and submerged for 10
miniutes.

» Pressure test...the capsule is subjected to an external pressure of
14,500 psi.

Further information regarding licensing analyses and tests can be found in
Appendix A.

The major concern with continued operation of the RTGs at the Burnt
Mountain sites is the potential for release of radioactive material into the
environment. The hypothetical scenarios for accidental reiease of
radioactive material include fire. airplane crash on an RTG shelter.
earthquake, weather, and vandalism. Release of strontium-90 into the
biosystem would have dangerous consequences for animal and human life
coming into intimate contact with that material. The question to be
answered is: "Are these accident scenarios sufficiently strong to overcome
the robustness of the RTG design?’

It is instructive to review each of the potential accident scenarios and
contrast them to the robustness of the RTG design. The fcllowing

paragraphs examine how the RTG design tends to neutralize the effect of
accidents.
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¢ Fire...the fuel clad is designed and tested to endure 800°C (1472°F)
for a minimum of thirty minutes. Additional protection is afforded by the
RTG housing which is a metal container capable of withstanding hydrostatic
pressures of at least 500 psi. Additional protection is afforded by the
thermal insulation (Item 5 in Figure 2.1.2.1-1) which is designed to direct
the radioisotope generated heat across the thermoelectric modules. This
insulating material would also insulate the interior of the RTG from an
external heat source; i.e., fire. RTG fuel claddings have been tested at
1850°F for 2 hours with no signs failure.

e Earthquake...the fuel clad is designed to withstand a drop of nine
meters (30 ft) onto a concrete supported steel plate. Additional protection
is afforded by the RTG housing which provides hydrostatic pressure
containment to at least 500 psi. In the event of an earthquake, the worst
case situation would be the collapse of the wooden shelter which might
allow the RTG to fall a distance of no more than one meter (3 ft) onto a
frozen earthen surface.

¢ Vandalism...the weight of the RTGs would impede the act of theft.
The RTGs are locked within a structure and each site is enclosed by a chain
link fence to preclude inadvertent entry. The massive weight (1300 to
4000 1bs) of the RTGs would require heavy equipment for their removal;
however, a determined vandal could gain access to the RTGs and attempt
removal of the RTG cover lid. An inner lid is designed with special
fasteners which inhibit unauthorized removal of the fuel capsule. It should
be mentioned that strontium-90 is not weapons grade material and would
not be a target for theft.

e Weather induced degradation...the deep sea housing design and type
of site installations effectively delete this scenario as a viable failure mode.
The original environmental impact assessment (Appendix A} determined
that at least three hundred years of direct exposure to sea water would be
required to reduce the RTG housing and fuel clads sufficiently to release
strontium-90. By then the radiation level would have dropped by a factor of
1000 (approximately 10 half lives).

2.1.2.6 Cost

Initial costs of acquisition and installation have already been borne. There
are no refueling costs and the required annual radiation safety surveys are
accomplished in conjunction with routine electronics preventative
maintenance activities and thus constitute no direct cost intrinsic to the
RTGs. Clearing operations around the RTG sites that are intended to reduce
the chance of fire damage are more applicable to fossil fuel driven power
systems. The only cost that is totally intrinsic to operation of the RTGs is
the annual licensing fee which is required by the Nuclear Regulatory
Commission. This fee presently amounts to $1,500 per annum. The 30 year
life cycle cost of operating the RTGs is:
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(30 years)($1.500/year) = $45,000

2.1.2.7 S

Any device or system which uses radioactive materials must, by law, be
designed to meet strict safety standards which were established to protect
public safety. These safety standards have been set up by the U.S. Nuclear
Regulatory Commission and the U.S. Department of Transportation, and
address both the operation and transportation of radioactive devices and
materials. The design. manufacture and transportation of RTGs fall into the
radioactive device category and., therefore, must comply with these
standards. These safety standards are enforced through a series of
qualification tests and analyses which include severe transportation accident
scenarios, as well as the normal operation and handling of these devices.

The RTGs that are presently in operation at Burnt Mountain comply with all
the established safety standards. Throughout the thirty year operational
history, the radiation containment ability of a Teledyne RTG has never been
known to fail. Any failure in this regard must, by law, be reported. The
compliance with the national standards along with the proven safety record
and the robust design of RTGs clearly illustrates that continued operation of
the RTGs at Burnt Mountain presents no threat to life or the environment.
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22 PHOTOVOLTAIC (PV) POWER SYSTEMS
2.2.1 PRINCIPLES OF OPERATION

Photovoltaic power systems produce electrical power by converting radiant
energy directly to electric energy. Two sources of electromagnetic energy
that have been considered for powering this type of converter are: 1)
infrared (thermal) radiation at about 15,000 to 16,000 angstroms; and 2)
sunlight (solar radiation). This evaluation of PV power systems concentrates
on the latter (sunlight) energy source as one of the candidates for the Burnt
Mountain Seismic Observatory. A power system utilizing the former energy
source, thermal radiation, is an emerging technology and not yet suitable for
the Burnt Mountain application. Thermal PV (TPV) systems are briefly
described in Section 2.6.

A PV cell is essentially a semiconductor which generates a potential when
the cell's p-n junction is exposed to electromagnetic radiation. Typical
cells are grown from silicon and from gallium arsenide in crystalline form.
Efficiency, as measured by electrical energy output as a fraction of solar
energy input, is in the range of 20-30% for monocrystalline cells and 15-
20% for polycrystalline cells. Less expensive cells, such as copper indium
diselenide and cadmium telluride, have efficiencies in the range of 3-15%.

A p-n junction is obtained when two layers of pure silicon are doped and
joined. The p-layer is made by doping silicon with a material such as borcn
creating a deficiency of electrons (commonly referred to as “holes”). When
pure silicon is doped with phosphorus or arsenic, there will be an excess of
electrons which leads to an n-type (negative) material. When the two
materials are joined, concentration gradients tend to cause electrons and
holes to diffuse in opposite directions. This diffusion creates an electric
field pointing from the n-region to the p-region.

When the cell is exposed to solar radiation, hole/electron pairs are created
on both sides of the junction. This charge separation produces an electric
field opposite to the field created by diffusion. When suitable connections
from the n and p materials are made through an external circuit, these
electron and hole movements constitute a current, which can deliver power.
These PV cells constitute the building block of the PV power system.

2.2.2 BACKGROUND

Photovoltaic array power systems have been in operation since the early
1960's. The cost of installing such systems is well documented and
information concerning the reliability of such systems in different parts of
the world is available. Polysilicon solar cells, the common choice for large
solar arrays, are not recommended for this site due to the large "footprint”
required, and thus the large supporting structure. Single crystal silicon
solar cells are recommended. The silicon solar cells themselves are very
reliable, however the reliability of panels and systems for field use can vary

20




widely depending upon the selection of the manufacturer and the locality in
which the PV system is installed. Most PV systems are installed in
moderate climates where sunshine (insolation) is available each day of the
year and where the cost per watt is within a factor of ten of that offered by
the electrical power company. Solar array installations, not including the
batteries required during periods when the sun is not shining, are designed
to last at least twenty years.

2.2.3 PERFORMANCE ASSESSMENT

This portion of the study evaluated the use of a photovoltaic array with
electrical storage (battery) as an zlternate method of providing electrical
power during periods of low insolation. The Burnt Mountain Seismic
Observatory is located at latitude 67.42°N and longitude 144.61°W.

This performance assessment assumes that the PV power system will be
located at the ROF site and that power transmission lines will supply the
requisite power to the RT sites. The ROF has good southern exposure and
the soil at that location appears suitable for supporting the solar towers.
However, before any final commitments for the PV system location is made,

a complete site survey must be performed:; to include, soil samples and
measurement of annual insolation.

Solar arrays must be mounted above the ground and tilted toward the sun for
optimum results. At this particular site, the low angle of the sun, even
during the best months of the year, will require that the array be mounted
perpendicular to the ground. The large surface area normally associated
with solar arrays for terrestrial use will require substantial structural
mounting to handle the occasional 35 kt wind gusts.

The batteries should be housed in a building or put in battery boxes at the
base of each of the solar array towers to minimize the chance of freezing.
The design criteria for the battery system is that it shall not exceed a 20%
depth of discharge and that the battery efficiency is 80%. A combination of
shallow depth of discharge and thermal control ensures that the lead acid
batteries will not freeze.

2.2.3.1 Solar Array Calculations

The Burnt Mountain site never receives the amount of solar insclation found
at more southern latitudes: therefore, the array must to be significantly
larger than those designed for more sunny latitudes. The array was
designed using measured output of PV modules presently in use at other
locations in Alaska. Insolation data from the Bettles, AK site was chosen
because its latitude more closely matches that of the Burnt Mountain
Seismic Observatory. [Delaney. 1993]
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Figure 2.2.3.1-1 shows the output of the PV array which was designed for
the Burnt Mountain application. The array output is represented by the
solid bars and the seismic equipment loads are represented by the cross-
hatched bars. The equipment loads in this figure include the transmission
line losses between the ROF and the RT sites.
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FIGURE 2.2.3.1-1 PV Power System Output Based
on Measured PV Module Performance.

The PV array was sized to handle the entire seismic observatory load. and
compensate for the distribution line and battery losses. The battery losses
were assumed to be equally distributed between charge and discharge
cycles. The surplus power supplied by the array over a seven month period
is adequate to charge the batteries and compensate for transmission line
and battery charging losses. The array provides no useful power during the
months of December and January.

The output power shown in Figure 2.2.3.1-1 is based on data supplied for a
PV module which can generate 8,680 ampere-hours (Ah) per year at 24
VDC. A module is composed of four solar-cell panels each measuring 48
inches X 21 inches. The four panels in the array module are arranged,
electrically, as two panels in series by two panels in parallel (2S x 2P). One
module can be mounted on a single tower as illustrated by the example in
Figure 2.2.3.1-2.
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FIGURE 2.2.3.1-2 PV Array for the
Burnt Mountain Seismic Observatory.

From Table 1.5-1 and Figure 1.7-1, the total load for the seismic observatory
is estimated at 92 watts at 24 VDC, assuming 10-gauge wire for the
transmission line. This estimate is broken down as 62 watts for the
cbservatory equipment and 30 watts for distribution line losses. Annual
consumption is approximately 34,000 Ah; i.e., 92 Ah/day times 365 days.
The module output of 8,680 Ah/yr indicates that slightly less than 4
modules are required to handle the equipment and distribution line losses.
However, there is insufficient margin with four modules to cover the 20%
battery losses: therefore, a fifth module must be added.

The weight of the arrays is 12.8 lbs per panel times 20 panels equals 256
Ibs. If four panels are mounted per tower, then there will be 5 towers and
tower bases. The estimated weight of each of the towers is 200 lbs.
therefore the tower weights total to 1,000 Ibs. The estimated weight of five
insulated plywood battery boxes is 1,500 lbs. Guy wires, stakes, conductors
and other miscellaneous hardware is estimated to be about 200 lbs. The
total estimated array weight is:
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Panels 256 lbs
Towers 1,000 lbs
Battery Boxes 1,500 lbs
Misc. 200 Ibs
TOTAL 2,956 lbs

2.2.3.2 Battery Calculations

A PV power system, by definition, depends on sunlight for the production of
electrical power; which means that a backup power source must be available
during darkness or during periods when insolatior is too low to generate
the power to meet demands. The commonly used method of backup is
storage (secondary) batteries. Although there are various types of storage
batteries available, lead acid batteries are the most widely used. This is
primarily because of their high energy density, reasonable cost, and
technological maturity.

The factors that drive the size of the battery storage system are power
density (watt-hrs/lb or Wh/1lb), depth of discharge and efficiency. The
freeze-point of a typical, fully charged lead-acid battery is approximately
-80F (-60 C). As the battery is discharged the freeze-point increases. At a
60% depth of discharge, the freeze-point is approximately OF (-18 C);
therefore, in cold climates it is necessary to sacrifice useful battery charge
to reduce the possibility of freezing. Lead-acid batteries also consume
energy during charging and discharging cycles. Typically, this loss is on the
order of 20% with most of the loss occurring during the charging cycle.

Lead-acid batteries are usually designed for only ten years of life. The life
might be shorter depending on both the number of charge and discharge
cycles and the depth of discharge of the batteries. Life cycle costs for large
battery systems, such as proposed in this study, could increase significantly
if the batteries require replacement more frequently than every ten years.

There are other rechargeable storage batteries which have excellent low
temperature performance and long, maintenance-free life; however, this
convenience comes at a higher price. The leading low maintenance type of
battery is the nickel-cadmium (NiCd) which is several times the cost of a
lead-acid battery system, especially when considering the charging
electronics and the battery status charge level indicator requirements. A
recently developed aircraft quality NiCd battery costs approximately
$8.30/Watt-hr; however, it must be noted that NiCd batteries have a much
lower depth of discharge than lead-acid batteries. This deeper depth of
discharge means that, compared to lead-acid, fewer storage batteries are
required with NiCd batteries. Typical commercial NiCds would cost on the
order of one-forth to one-third the cost of aircraft quality NiCd batteries.

The size of the battery system can be determined from Figure 2.2.3.1-1,

There are approximately seven months throughout the year when the power
output of solar array design exceeds the power demand of the observatory.
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It is this excess that must be stored to allow uninterrupted service of the
seismic observatory during periods of low insolation. An estimate of the
storage system size can be determined by the difference between total
annual array output and total annual observatory demand.

Total Annual Array Output 43,400 Amp-hrs
Total Annual Load 33,900 Amp-hrs
Excess Output to be Stored 9,500 Amp-hrs

The assumed depth of discharge is only 20%; therefore, the battery storage
is five times the amount of energy to be used from the batteries: 9,500
Ah/0.2 = 47,500 Ah. To size the battery system, the amp-hours must be
converted to watt-hours; i.e., 47,500 Ah x 24 VDC is 1,140,000 watt-hours.
The figure of merit for battery performance is usually stated in watt-hours
per pound (Wh/1b) of battery. The weight of the batteries is based upon the
average weight of large batteries i.e.; batteries with storage capacity greater
than 1000 Ah. A figure of merit for an aircraft quality sealed lead-acid (SLA)
battery is approximately 15 Wh/lb and about 9 Wh/Ib for the typical
industrial quality battery. Depending on the quality of battery selected, the
battery system weight for the Burnt Mountain application can be between
76,000 pounds and 126.000 pounds. The average figure of merit of 12
Wh/Ib was used which indicates a battery weight of approximately 95,000
pounds. The figure of merit of 12 Wh/Ib is also typical of lead-calcium
battery technology which is also used as a backup for PV power systems.

Power to be Stored 47,500 Ah x 24 VDC = 1,140,000 Wh
Battery Weight Required 1,140,000 Wh/12 Wh/1b = 95,000 Ibs

About 342,000 Wh of storage capacity, at 80% depth of discharge, would be
required if NiCd batteries were used instead of the lead-acid. At 12.0 Wh/1b,
this is 28,500 pounds of NiCd batteries. [Swiss, Oct 1993]

2.24 RELIABILITY FACTORS

The solar array, battery combination would function unattended in the
temperature extremes and during severe weather such as snow storms and
high wind. The fact that there are no moving parts and no vibration,
significantly reduces the probability of catastrophic failure due to system
fatigue. Due to the low sun angle, the array must be carefully located to
prevent shadowing by surrounding structures, terrain and vegetation. The
bottom of the solar panels would have to be at least four to six feet above the
ground. This would minimize the potential for damage by animals and also
help eliminate shadowing which could contribute to a reduction in the

efficiency of the panels. Additionally it would eliminate coverage by snow
drifts.
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225 SAFETY AND ENVIRONMENTAL FACTORS

The array, because of its large surface area, would require extra deep footers
and bracing to stabilize the PV towers during gusting wind conditions. The
batteries should be housed in an insulated, heated container. The battery
container should be on or below the ground to minimize convection losses.
A below ground battery installation may disrupt the continuity of the
permafrost due to the heat required to keep the batteries operational. Solar
arrays are considered to be an "attractive nuisance” and as such attract
animals and humans alike. This attraction can result in damage to the
system as a result of vandalism or natural curiosity. Solar cell cracking and
- other nominal system degradation will not have a substantial effect on the
total output power of the array.

The major safety issue associated with the PV power system installation is
electric shock. The array voltage will be below 40 volts DC so that there will
be no problem with electrocuting humans or animals. The main voltage
requirement is for 24 VDC, therefore the recommended charging voltage
from the array to the batteries is 30 VDC. The transmission line voltage is
expected to be on the order of 120 VDC and would constitute the most
serious electric hazard at the installation. Burying the transmission cable
- would resolve this safety issue. Housing the lead-acid batteries may require
that they are vented so that there would not be an accumulation of hydrogen
gas which would cause an explosion. Forest fires could destroy the array if
care was not taken to clear trees and underbrush away. Lead could also be
released into the environment if the battery boxes were consumed during a
fire.

2.2.6 UNIQUE FACTORS

The unique factor of the PV power system is that it is a renewable energy
source which, when used with rechargeable batteries, requires no fossil-fuel
for power production. However, a PV system will require regular, planned
maintenance of both the PV array and the battery storage system.

22.7 COST

The solar array lifetime is estimated to be twenty years. The batteries will
have to be replaced after ten years and the power conditioner also within 10
years. The arrays will have to be free of snow cover and ice. They can be
protected from hail damage and since the solar panels will essentially be
vertical, this type of damage should be minimal. If batteries are housed at
the base of each major vertical support for the array, the weight should
prove useful in providing permanent mooring in the permafrost.
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227.1 PV System Hardwar=
The cost of the PV modules used in the array design is $368/module. The
normal rule of thumb is that the support structure cost equals the array cost.

The cost of SLA batteries varies from $.05 to $2.00 per Wh. Using
$0.10/Wh, the cost estimate for battery storage is $114,000. This cost
estimate reflects the use of a deep discharge marine battery and represents
a low cost option. The cost of $0.10/Wh is consistent with the cost of PbCa
type batteries which are also used to support PV systems.

In reality, the battery system installed for the Burnt Mountain observatory
will have to be "tailored” for the application. The electrolyte stoichiometry
must be carefully controlled to ensure optimum performance for the
expected temperature extremes at the site. This additional development
effort is expected to cost approximately $50,000.

The existing shelter should be adequate to house the batteries; however, the
use of battery boxes at the base of each tower appears to be warranted.
Based on facilities costs at Eielson AFB, the estimated cost of each battery
box is $3.425.

Hardware costs associated with the PV system are...

PV Module Costs (20 x $368/module) $7.360
Support Structure (2 x $7,360) $14,720
Batteries $114.000 (NiCd~$250.000)
Battery development $50,000
Battery boxes (5 x $3,425) $17,125

Total costs for PV system hardware $203,205

2272 Transportation Costs for PV System Hardware
Transportation expenses for moving the PV power system hardware to the
Burnt Mountain site include:

Airlift for PV system hardware

Daily airlift of work crews at one round-trip per day
Helicopter Staging expenses

Food/lodging for helicopter crews

The cost of airlifting this hardware to the site is high. The Vertol V-107
helicopter has over three times the load capacity of the Bell 212; however,
when the rebasing cost ($90,000) of the Vertol 107 is included.
transportation with the Bell 212 is less expensive. It is possible that
transport of the battery system could be couple with use of the CH-47 which
must be used to airlift heavy construction equipment to the site. The weight
of hardware which must be transported to Burnt Mountain is
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PV System Hardware 2,956 lbs
SLA Batteries 95,000 lbs
Total ~98,000 Ibs

No single item exceeds the lift capacity of the Bell 212; therefore, the
transport can be divided into 2500 pound loads.

98,000 1bs/2500 Ibs per trip = 40 trips

It is assumed that Ft Yukon will be the staging area for construction of the
PV installation at Bumt Mountain. The round trip flight time from Ft Yukon
to Burnt Mountain is 1.5 hours. The rate for a Bell 212, including fuel, is
$2285/hr.

(40 trips)(1.5 hrs/trip}($2285/hr) = $137,100

Federal Aviation Regulations (FARs) limit pilot duty to 8 hours of flying time
per day. This limits the number round trip flights to five per day. Eight
days are required to complete the airlift of all hardware to Burnt Mountain,
which also means that 8 round trips must be planned for work crew
transport. The cost of overnight stays were based on the government per
diem rate for Alaska which is $166/day per person.

($166/day) (8 days) = $1,328
($2285/hr) (1.5 hrs/trip) (8 trips) = $27.420

The total costs must also include the staging expense of moving the Bell
helicopter from the Fairbanks area to Ft Yukon. This round trip flight time
between Fairbanks and Ft Yukon is 5 hours.

($2285/hr) (5 hrs/trip) (1 trip) = $11,425

Total expense associated with transport of the PV system hardware is...

Hardware transport ' $137.100
Crew food and lodging $1.300
Work crew transport $27,400
Staging expense $11.400

Total Hardware Transport Costs $177,200

22.73 Site Construction Costs

The Air Civil Engineering unit at Eielson AFB was consulted regarding
construction estimates for the Burnt Mountain Seismic Observatory. Site
construction expenses include:

Installing power distribution lines from the ROF to the RT sites
Installation of PV array towers
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Estiraates for installing the power distribution lines were based on 1993
figures for Alaskan labor and equipment rentals. Trenches for laying the
po' .r lines were assumed to be 8 inches wide and 12 inches deep with
ba- «fill compaction. The trenching would be accomplished with two motor

d' ven trenchers operating at a rate of 1000 linear feet per day per
+ encher.

The powered trenchers each weigh 4800 lbs which exceeds the Bell 212 lift
capability: therefore, the cost of trenching must include the expense of .
rebasing a commercial CH-47 helicopter from Oregon to Ft Yukon. The CH-
47 was chosen (instead of the Vertol 107) because the excavator needed for
the PV tower installation weighs 15,200 lbs; therefore, the CH-47 can be
used to transport both the excavator and the two trenchers.

Total cost for installing the power distribution lines...

Trenching $78.000
Transport $186.000
Labor (3-man crew) $14.000
Crew Transport $64.000
Contingency (@ 15%) $51,000

Total Cost of Distribution Lines $393,000

It was assumed that the foundations for the PV towers were on bedrock
which is just a few inches under tundra. The towers are 20 feet high and
are based in concrete footers. It was estimated that a six-man crew would
need 16 days to install the PV towers. A small tracked excavator is required
for installing the towers. The excavator weighs 15,200 lbs and it is assumed
that the cost of rebasing a CH-47 helicopter will be shared with transport of
the trenchers used for installing the power transmission cables.

Total cost for installing the PV towers...

Clear, excavate and lay concrete footers $18,300
Small Tracked Excavator Rental $4.000
Labor for erecting towers $25.700
Transport (CH-47, 3 trips x 1.5 hrs/trip) $18,000

Total Costs of PV Towers $66,000

The total estimated initial cost is shown in Table 2.2.7-1. These expenses
include all costs determined as necessary to perform initial installation of
the PV arrays and their associated battery storage systems. The
management and engineering costs are based on 21.5% of all other costs.
The basis for this management expense is discussed further in Section 5.
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TABLE 2.2.7-1 Estimated First Year Expenses for a PV Power
System Installed at the Burnt Mountain Seismic Observatory.

Cost Element Cost

| e —
PV System Hardware $203,200
Airlift of PV System Hardware $177,200
Installation of Power Lines $393,000
Installation of Towers $66,000
Management/Engineering $180,500
TOTAL Estimated Cost $1,019,900

The cost for the PV power system was also estimated for the 30 year life
cycle of the system. This estimate was based on periodic replacement costs
of PV arrays and battery storage systems. The summary of these expenses
are detailed in Table 2.2.7-2.

TABLE 2.2.7-2 Estimated 30-Year Life Cycle Cost for PV
Power System

l Cost Element Cost
First Year Installation Expenses $1,019,900
Solar array system replacement (One time) $7.400
Battery cost for two replacements $228,000
Airlift Costs, batteries, two times $173,000
Airlift Costs, replacement Solar Array $15,000
Airlift Support $34,200
Management/Engineering $98,400

Total Equipment Replacement Costs $556,000
Estimated cost of Annual Maintenance Trips $14,900
Management/Engineering Support $3,200
Total Annual Expenses $18,100
TOTAL Estimated Life Cycle Cost $2,100,800

2.2.8 SUMMARY

The assessment of the photovoltaic array and battery system for use at Burnt
Mountain Alaska indicates that it may be a marginally acceptable alternative
for the replacement of the RTGs. The area of the solar array is large enough
that it could require considerably more site preparation to survive both the
gusting winds and the temperature extremes, however, there are other
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existing systems of the type proposed that are operating at other locations
in Alaska.

The site will receive sunlight for more than 10 months, although the
intensity and duration of the sunlight in the October, November, December,
January, and February time frame is low and short lived. making the
accurate design of a solar/battery system a difficult choice for this location.
Due to the low sun angle, even in the summertime, the array will have to be
mounted almost perpendicular to the ground. With peak winds of 35 kts
and several square meters of surface area, the anchoring requirements
(piles. concrete, guy wires) must be attended to in detail. The array will
simultaneously have to provide power to charge the batteries and also
provide site power. During the several weeks of tctal or near total darkness,
when the array produces no practical power, the battery system will power
the loads by itself.

The site will require about 95.000 pounds of lead-acid batteries which will
have to be maintained above an 80 percent charge level and heated to avoid
freezing. Using the more expensive NiCd battery system would reduce the
battery requirement to about 28,500 pounds but at significantly higher
initial cost. However, the reduced trai.sport requirement and advertised

lower maintenance for NiCds could make them competitive with lead-acid.
[NIFE, 1993]

A PV system could be combined with a TEG power system to produce a
hybrid PV/TEG system in which storage batteries would be replaced by the
TEG. It is also feasible that some sites (ROF and RT) could be powered by
pure PV systems while others are powered with TEGs. The key to using any
combination involving solar PV power systems is accura.e weather surveys at
each RT site and the ROF. [Ashmore, Oct 93]

The arrays will have to be mounted above the ground. like a billboard. in
order to protect the.n from being snow covered and bothered by small
animals. The site will require a heated. insulated. batter building or battery
boxes to protect the batteries and make bat:erv replacement or
maintenance feasible. Reflection from the surface of the snow will increase
the efficiency of the array as will the lower operating temperature which is
an average of 17°F. Hail. bullets. and windswept debris are the most likely
candidates for damaging the array.
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23 ELECTROCHEMICAL POWER SYSTEMS

The operation of an electrochemical power system is based on the
conversion of chemical energy to electricity. In an electrochemical device,
the chemical energy is converted directly and efficiently into low voltage,
direct current electrical energy. A principal advantage of such a device is
that, theoretically, the conversion process can be carried out isothermally
and the limitations imposed by Carnot efficiency do not apply. Basically,
gere are two categories of electrochemical power sources: batteries and
el cells.

Aluminum-air primary batteries and hydrogen fuel cells were the principal
electrochemical sources considered for powering the Burnt Mountain
Seismic Observatory and they are discussed in Sections 2.3.1 and 2.3.2,
respectively.

2.3.1 ALUMINUM - AIR BATTERIES

23.1.1 Principles of Operation

In a metal-air battery system, a metal is used to form the negative electrode
and a gas electrode using oxygen from the forms the positive electrode.
Such systems are potentially very flexible. The majority of research effort
has been focused on the development of improved high-rate air electrodes
with non-noble metal catalysts. The aluminume-air battery appears to be an
attractive battery from a weight and performance standpoint. The
theoretical energy density of an Al-air battery is about 3,718 Wh/Ib. [Angrist,
1976]

(Residue)

FIGURE 2.3.1.1-1 Conceptual drawing of an
Aluminum-Air Battery showing the principal elements
of this Electrochemical Power System.
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The aluminum air battery has as its major components an aluminum alloy
anode, an oxygen cathode, a caustic (potassium hydroxide) electroiyte,
tankage to hold the electrodes and electrolyte plus a small pump to circulate
the electrolyte. The principal elements of the aluminum-air battery are
illustrated in Figure 2.3.1.1-1. The energy producing electrochemical
reaction takes place between metallic aluminum and oxygen which is
extracted from the surrounding air through a semipermeable membrane.
The voltage produced from a single cell is approximately 1.2 volts and
depends on the length of time the cell has been operating.

The circulation pump is required to keep fresh electrolyte in contact with
each electrode surface in order to prevent early polarization or voltage drop
within the cell. Polarization results from a change in electrolyte
composition during the discharge reaction. As the cell discharges,
aluminum hydroxide is produced and quickly reaches a solubility limit
within the liquid electrolyte. The pump is used to circulate the aluminum
hydroxide containing electrolyte through a filter to remove the solid and
then return the potassium hydroxide solution to the electrode surfaces to
allow further or deeper discharge of the electrodes.

A modular battery design containing twelve 24 volt modules each of which
operates for 15 days would be housed within an electrolyte tank. When 15
days have elapsed or when a low voltage limit is detected, the next module
would be brought on-line and the previous module shut-down. This
switching would occur automatically through a system of sensors, timers and
relays. Two batteries are required for one full year of operation.

The aluminum-air battery is mechanically rechargeable. This is
accomplished by removing the reacted aluminum anode plates. flushing out
the electrolyte and filters and installing new plates and fresh electrolyte.
This process is cumbersome and time consuming and it is not
recommended that it be performed on-site at Burnt Mountain. Instead it
would be more manageable to replace thc batteries after the 12 month
period and remove and return the used batteries to a maintenance depot to
be mechanically recharged and returned 12 months later.

2.3.1.2 History

Aluminume-air batteries typically have been used for stand-by (float service)
or emergency power applications. That is the battery is in a reserve
configuration until a main power failure requires the use Jor low alternate
power to be supplied. However, for continuous power output applications
run-times of up to 1200 hours are projected. Very little data is available to
substantiate the projection. The approach suggested by the vendor where
twelve modules are used to extend total run-time to meet the Burnt
Mountain application is reasonable.
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2.3.1.3 Performance Assessment

The weight and volume of a single dry battery to operate at a central site are
4,778 lbs (2172 kg) and 495 gallons (1872 liters), respectively. To operate
for one year continuous at a site two batteries are required. Therefore, total
weight and volume (dry batteries) equals 9,556 lbs (4344 kg) and 989
gallons (3744 liters), respectively. In addition, a total of 6,600 lbs (3000
kg) of potassium hydroxide electrolyte is required for battery operation.

It is assumed that after one complete year of operation both discharged
batteries will be removed from the site and be replaced with two fully
charged batteries. The discharged batteries would be taken to a
maintenance depot where they will be mechanically recharged. This
involves installation of new aluminum anodes, removal and replacement of
spent electrolyte with new electrolyte and system check-out.

For this power system approach, a battery with twelve replaceable modules
is baselined. An initial sizing of 300 watts was assumed both to handle the
site load and parasitic loads such as module heaters and pump power. Until
some detail design work is completed, a more exact power level cannot be
determined. This is an important number, for it determines module size.
For example, a module sized as described above would weigh 400 lbs (181
kg) which may be too large to handle from a serviceability viewpoint. If so
more modules may be required, i.e., shorter run time per module at a
reduced power level. Increasing the number of modules increases system
complexity with an attendant reduction in reliability. To perform these
tradeoffs and the associated development, the vendor has estimated
$450,000 would be required. It also estimated the 12-module battery would
cost $65,000 per copy thereafter.

23.14 Reliability Factors

A disadvantage of this system is the need for an electrolyte recirculation
pump. In a modularized system, valves have to be incorporated that allow
the pump to support whichever module is operating. These valves
represent a single point failure mode and may substantially reduce reliability.
The single point failure can be overcome with multiple pumps, one per
module, but system complexity is increased and serviceability may suffer. In
addition, a control system is required to determine when each consecutive
module must be brought on line after the previous module is no longer
producing at the required power level. The reliability of such a system has
not been demonstrated satisfactorily in the environmental extremes
expected at Burnt Mountain.

2.3.1.5 Safety and Environmental Factors

The aluminume-air system is attractive because it has no effluents and is thus
environmentally friendly. All of the system by products remain within the
system and are recyclable. Additionally it has a good reliability record based
on telecommunications backup mode experience. How applicable this
record is to long term use in the Arctic environment would require a more
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detailed design study. This application would represent this technology’s
first use as a primary power source.

2.3.1.6 Unique Factors
None other than those discussed above.

2.3.1.7 Cost

The unit cost of each 12-module battery is estimated to be $65.000.
Recharge costs at the maintenance depot are estimated to be $20,000 per
battery. An annual helicopter flight to remove and replace two batteries at a
central site is required. The total weight to be transported annually is
16,156 lbs (7344 kg). The weight includes two batteries at 4,778 lbs {2172
kg) plus two each electrolyte charges at 3,300 lbs (1500 kg). Due to life
limitations of the air cathode, new batteries will need to be purchased after
three years of service. In addition the vendor has estimated $450,000 is
required for development cost associated with design changes necessary for
operation in the Arctic environment and initial life testing. The 30 year life
cycle cost (LCC) is summarized in Table 2.3.1.7-1. It is estimated that four
batteries will be replaced every six years of service which means five
replacements over the thirty year life cycle of the system. Airlift expenses

include the cost of staging the helicopter transport from Fairbanks to Ft
Yukon.

TABLE 2.3.1.7-1 Estimated Costs of an Aluminum-Air
Battery Power System for the Burnt Mountain Seismic

Observatory. —

! Cost Element | Cost |
Initial Development $450,000
Initial Battery Expenses $130,000
Power Distribution Line Installation $393.000
Power System Transport $35.000
Management/Engineering $217.000
A. Total First Year Expenses $1,225,000
Annual Battery Recharge $40,000
Annual Airlift Expenses $35,400
Annual Management/Engineering $16,200
B. Total Annual Expenses $91,600
C. Life Cycle System Replacements $1,300,000
Total 30-Yr Life Cycle Cost (A+29B+C) $5,181,400
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2.3.1.8 Summary
This battery system was evaluated because it is safer in comparison to high

energy density primary battery systems, all by-products are recyclable and
it takes advantage of using oxygen from the air as the cathode active
material. However, its typical use is in a stand-by mode and not in a
continual power output mode of operation. Application to the Burnt
Mountain requirement for 12 month operation requires that twenty-four
modules at 28 volts (two batteries) be installed to operate sequentiailly over
the 12 month time period. This may be a downfall with respect to
reliability.

Although attractive from the standpoint of safety and environmental issues,
the aluminume-air battery is not practical for the Burnt Mountain application.
The requirement for active pump controls, and module switching leaves
many unpleasant questions unanswered concerning the ability to perform
unattended through the long Alaskan winters. The lack of field service
experience in the role of primary power source is also a strong argument
not to select aluminum-air batteries for the Burnt Mountain application.

232 FUEL CELLS

23.2.1 Principles of Operation

The fuel cell concept discussed here produces energy by electrochemically
combining hydrogen, which is stored in an external vessel, with oxygen
from the surrounding air to produce water as its only discharge product.
Oxygen is passively extracted from the air through a semipermeable
membrane. The cell operating voltage depends upon design considerations
and the current density at which the cell is operating. For the Burnt
Mountain application, cell voltage is expected to be approximately 0.9 volts.
This translates to a fuel cell stack which contains 35 to 40 bipolar cells to
meet the 24 volt DC requirement. Stack operating temperature is in the
range of 60 C to 80 C and is maintained by the reaction occurring on the
electrodes. Present operating stack designs are able to passively reject
waste heat without the use of pumps or fans.

Two options were presented by the vendor to consider for bulk hydrogen
storage. Cryogenic storage significantly reduces tank volume and weight but
requires a refrigeration system. It is expected to be more costly and less
reliable than high pressure gas storage and is not discussed further in this
report. High pressure gas storage (5000 psi) requires an external tank,
valves and gas lines to deliver hydrogen to the fuel cell stack. Enough
hydrogen would be contained to operate the stack for a 12 month period
after which a full tank of hydrogen would be brought on-site and the empty
tank removed for off-site filling.

It is estimated that 61 gallons (230 liters) of water will be produced over a
12 month period. Water rejection or storage may be a potential problem in
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the cold Alaskan environment. Therefore, the vendor has included a
development task within the cost estimate to address this area.

23.2.2

History

Fuel cells in general have a good history of performance and reliability dating
back to early manned space flight missions. However, operational and
reliability problems have been encountered when trying to operate a fuel cell
stack in reverse, i.e. as a secondary or rechargeable system to produce
hydrogen and oxygen for subsequent discharge reactions. Therefore, the
fuel cell concept for this study is limited to an energy producing design and
not intended to be recharged. This concept requires an external source of
hydrogen which would be replaced after the supply is exhausted.

The fuel cell used in this study is based upon work bcing conducted by the
Army. It is rated at 200 watts and is man-portable. This fuel cell, can
operate within a range of power levels, e.g. 100 to 300 watts, but at a
somewhat lower efficiency. The reduced efficiency within that range is not
significant enough to warrant a redesign of the cell. The power output from
the fuel cell is controlled by the load and by the flow of hydrogen and
oxygen to the reaction zone of the cell. An increase in load and reactant
flow to the cell will increase the current density (i.e. amps per square foot)
which translates to an increase in power output without changing the
physical size of the cell. Of course one cannot continue to increase flow and
expect unlimited power output because design limitations would come into

play.

The cell could be redesigned to operate at a maximum efficiency for the
exact power level required by Burnt Mountain. However, this would incur a
substantial development cost. Not much would be gained in that the cell is
already at a size which is small enough to be carried by a foot soldier. It is
recommended that the developed cell be adapted to the Burnt Mountain
application without further cell stack redesign.

2323 Performance Assessment

The weights of the fuel cell stack and hydrogen tank are 33 Ibs (15 kg) and
1,250 1bs (568 kg, respectively. Tne volume of the stack is 1 cubic foot (30
liters) and the tank volume is 55 cubic feet (1560 liters). For volume
efficiency, the tank could be spherical and have a radius of 28 inches (72
cm.). At the tank design pressure of 5000 psi, approximately 136 kilograms
of hydrogen would be available. This is enough hydrogen to power all five
sites from a central location for about 12 months. Although one stack is
capable of producing power to operate all remote sites it is recommended
that a redundant stand-by stack be installed for added reliability. At the
present state of development, it is estimated that the stack would be
replaced every three years at a unit cost of $300.000. Lifetimes of voltage
sensors, pressure sensors and valves required to meter hydrogen to the
stack are expected to extend beyond three years and would be replaced on

an as needed basis. Their cost is minimal in comparison to stack
replacement.
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2324 Reliability Factors

The reliability of fuel cells is very good and well proven oftentimes through
the use of redundant stacks as proposed in this study. However, the
reliability weakness in this preliminary design is focused on the use of
hydrogen. Using hydrogen is beneficial with respect to providing a clean,
easily controlled flow of fuel to the stack in contrast to other fuels (e.g.
methanol, hydrocarbons) whose impurities or by-products tend to limit
stack performance. However, feeding the stack from a single tank
represents a single point failure mode which reduces reliability. Other
design concepts could be developed where multiple tanks would be used but
would need to be traded-off against complexity.

Development efforts on fuel cell power systems for military aircraft have
been undertaken. This effort was abandoned because of difficulty in
maintaining hydrogen tight piping connections over the wide temperatures
ranges expected during field deployment. Piping connections tended to
leak after repeated temperature cycling. The only truly reliable connections
appeared to welded connections.

2.3.2.5 Safety and Environmental Factors

The major safety concern with this proposed technology is associated with
storage, handling and transportation of hydrogen. Each year a full tank of
hydrogen must be transported by helicopter to the site and exchanged for
an empty tank. The empty tank would then be removed to be refilled under
controlled conditions. While the hazards of hydrogen are well known and
documented, experience shows that changing tanks can be accomplished in
a safe manner. To minimize safety hazards, if a leak should occur, the
hydrogen tank should be stored external to the structure housing the fuel
cell. Since regulations prevent storage underground, a vented outside
structure would contain the tank which would also be equipped with
hydrogen detectors to issue an alarm when dangerous concentrations are
observed.

There are risks associated with transporting hydrogen aboard helicopters.
The level of risk is unknown but assumed to be minimal since Department of
Transportation regulations permit up to 300 pounds (136 kg) of hydrogen to
be transported via cargo aircraft.

2.3.26 Unique Factors
None other than those discussed above.

2.3.2.7 Cost :
The unit cost of each fuel cell stack is estimated to be $300,000. The
annual cost of hydrogen and labor to refill off-site is estimated at $10,000.
The annual cost estimate for helicopter flights to transport the 1,250 1b
(568 kg) tank is based upon using a Bell 212 helicopter. Due to potential
life limitations on the fuel cell stack is estimated that one stack would be
replaced every three years at a unit cost of $300,000. In addition, the
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vendor has estimated $850.000 is required for development cost as--ciated
with design changes necessary for operation in the Arctic environment and
initial life testing. Life cycle costs are compiled in Table 2.3.2.7-1.

TABLE 2.3.2.7-1 Summary of Cost Estimates for a
Hydrogen Fuel Cell Power System for the Burnt Mountain

Seismic Observatory
l Cost Element l Cost |
Initial Development $850,000
Fuel Cells $300,000
Power Distribution Line Installation $393,000
Management/Engineering $332,000
A. Total First Year Expenses $1,875,000
Annual Recharge of Fuel Cells $10,000
Annual Transport Expenses $14,900
Annual Management/Engineering $5,400
B. Total Annual Expenses $30,300
C. Life Cycle Fuel Cell Replacements $2,700,000
Total 30-Yr Life Cycle Cost (A+29B+C) $5,453,700

2328 Summary

Fuel cell technology is already highly developed and has a very good
reliability record for space borne systems. Some development work needs
to be performed to address operation in the cold extremes but is not
perceived to be insurmountable. Refueling is a simple process but the
transportation handling and storage of hydrogen is a major concern. Life
cycle costs are quite high but this is not abnormal for this technology since
high reliability has been a major driver during its development. From an
environmental standpoint the fuel cell produces no effluent other than pure
water. However, concerns are once again centered on using hydrogen as a
fuel source due to the possibility of a fire.
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24 MECHANICALLY DRIVEN GENERATORS

Production of power through mechanical conversion methods was evaluated.
These concepts included engine driven electrical generators and wind
driven electrical generators.

2.4.1 COMBUSTION ENGINE DRIVEN GENERATOR

2.4.1.1 Principles of Operation

By connecting a small (approximately 1 hp) engine to a comparably sized
generator it becomes just a matter of redundancy and servicing frequency to
make such a system acceptable. Each system will consist of a combustion
engine, a gearbox, a lubrication system, a generator, power conditioning
equipment, and a fuel tank (see Figure 2.4.1-1).

yd AN

il ication System

~1ooall -

Foel Flowesamefii

\;__Q_J s )

Fuel Pumps/Level Sensors

FIGURE 2.4.1-1 Engine Driven Generator System Layout

2.4.1.2 History

The engine that was chosen is a relatively new, low polluting design called
the RYOBI Clean Air. This is a 26 cubic centimeter, 4 cycle gasoline engine.
A diesel engine was considered, but because of the small power
requirements a gasoline approach was chosen. This engine weighs 8 Ibs and
produces 1 hp at 7500 rpm. Because an off the shelf 1 hp electric generator
will run at a lower rotational speed than the engine it is necessary to have a
gearbox. The gearbox should be set up to use the same lubrication system as
the other rotating components of the system. The gearbox and associated
lubrication system weigh about 50 Ibs.

Another option is to use a more conventional design engine/generator
system where the engine turns approximately 1800 rpm. This rotational
speed allows for direct connection between engine and generator and cuts
down on system complexity.
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2.4.1.3 Performance Assessment

The generator chosen for this effort was a 1 hp asynchronous design and
weighs 65 lbs. This machine runs at 1750 rpm and produces 3 phase
power at 220 V and 3.1AAmps. A power conditioning system would be
necessary to convert the AC power to DC.

It was estimated that three fuel tanks of approximately 50C gallon capacity
would be required for a centrally located power system. If an engine driven
generator system is installed at each site (independent power systems).
then three 200 gallon tanks would be needed for each power system. The
existing tank used for heating by on-site maintenance crews is a 200 gallon
tank. It is estimated, for both siting methods, that two tanks will need to be
refilled once per year because of the relatively high (approximately 0.4
Ib/hp-hr) specific fuel consumption (sfc) of these internal combustion
engines.

The system should have a direct line of site fault detection system with Fort
Yukon in order to allow tracking of problems. Fort Yukoa should also have
the ability to force switch the system to a backup engine/generator loop.
Standard sensing arrays to be included are power loss, engine overheat, fuel
level and oil pressure loss.

2.4.1.4 Reliability Factors

There will be three systems at each site in order to provide the required
redundancy to the site. While one engine is producing electrical power, a
second engine will be idling as a !warm backup. The third engine will
remain inactive unless one of the other systems has a failure. The current
plan is to switch the power usage at the power conditioning system in order
to remove the necessity for a complicated mechanically activated backup
system switch.

2.4.1.5 Safety and Environmental Factors

As was mentioned in the opening of the engine discussion, this particular
design design was chosen because of its environmental improvements over
current small engine designs. Below is a table with the RYOBI engine
pollutants compared to 1999 California Air Resources Board (CARB) and a
two stroke design.

All values in g/hp-hr

HC 00 NOx
CARB goals 50 130 4
RYOBI 15 127 4
two-stroke 220 515 1

The RYOBI also has the advantages of being quieter and having less vibration
than a two-stroke design. Though these are improvements over other
combustion engines there may be some effect of the pollutants that such a
system produces. The fuel tanks for this system will have to be buried to
keep them from freezing, and this may effect the permafrost. There exists
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some chance of incident during fuel transport that would have a large effect
on the environment. And finally, the system does present a possibility for a
fire or even explosion if under the r;3ht circumstances.

24.1.7 System Costs

Although a power system based on the engine driven generator was not a
strong contender for the Burnt Mountain Seismic Observatory application,
an estimate of costs associated with this concept was compiled for both a
centrally located power system and independent power systems at the ROF
and each RT site (U1,U2,U4,U5). It was assumed that the centrally located
power system would be installed at the ROF. Power system installation costs
are summarized in Table 2.4.1.7-1 and annual operating expenses are shown
in Table 2.4.1.7-2. A description of basic assumptions for estimating
expenses is contained in Section 5.0.

First year's (installation) expenses for the engine driven generator power
system includes the purchase price of system hardware, fuel, facilities
construction and transportation costs.

The costs for the power system hardware includes: the internal combustion
engines, elecirical generators, lubrication system and gearboxes.

The first year expenses for fuel is the cost of the initial filling of the fuel
tanks; i.e., three each 200 gallon tanks for five sites or three each 500 gallon
tanks at the ROF, as appropriate, at a safe fill factor of 80%.

Facilities construction has two elements: laying of transmission line cables
and burying of the gasoline fuel tanks. The transmission line expenses are
unique to the centrally located power systems. The expenses associated
with installation of the fuel tanks was compiled with the assistance of
personnel from the civil engineering unit (354 CES/CECCM) at Eielson AFB,
Alaska. The compact size of the engine driven generator system allows use
of the existing shelters; therefore, no additional expenses are necessary for
this item.

Transportation costs are the sum of expenses associated with transporting
system hardware, power system fuel and construction equipment to the
Burnt Mountain area. Trenching operations for the transmission lines and
excavating operations for fuel tank installation required the use of heavy
equipment. The weight of this equipment exceeds the lift capacity of the
Bell 212 and the Vertol 107 helicopters; therefore, this cost element
includes rebasing of-a commercial CH-47 helicopter from Oregon to
Fairbanks, Alaska.

The annual operating expenses are the sum of annual fuel expenses, annual
transportation expenses and cost of equipment replacement.
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The gasoline fuel consumption was estimated to be 3600 lbs and 10,000 lbs
per year for the centrally located and independent power sources,
respectively. No single item to be transported exceeds the lift capacity of
the Bell 212; therefore, transportation expenses were based on 2500 pound
loads per trip. It was assumed that some equipment failures would be
experienced each year: therefore, equipment replacement costs were
included assuming a 1-in-3 failure rate for the generator power systems.

TABLE 2.4.1.7-1 Summary of Installation Costs for Engine
Driven Generator Systems for the Burnt Mountain Seismic

Observatory
Cost
Element
Engine/Generator System $4,9G0 $19,600
Power System Fuel $2,400 $4.800
Construction $488,600 $22.900
Transport $122,700 $195,600
Management/Engineering $133.000 $52,200
TOTAL $751,600 $295,100

TABLE 2.4.1.7-2 Summary of Annual Operating Expenses for
Engine Driven Generator Systems for the Burnt Mountain

Seismic Observatory
Cost Central Independent
Element Power System | Power Systems

Annual Fuel Costs $1200 $3300
Transport Expenses $26,000 $52,900
Equipment Replacements $750 $3900
Management/Engineering $6.000 $12,900
Total Annual Expenses $33,200 $69,100
Equipment Replacements* $750 $3900

* See Table 5.3-1, Column (1)

24.1.8 Summary

The principal factors weighing against the use of engine driven generators is
the reliability and cost. Although these systems have been successfully
employed in other Arctic sites, those applications required kilowatts of
power. Engine driven generators do not have a significant track record for
applications requiring tens of watts; which, is one reason for the wide use of
RTGs and TEGs in low power applications.
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2.4.2 WIND DRIVEN GENERATOR

24.2.1 Principles of Operation

Wind driven generators are basically the integration of turbine blade and a
reliable generator. Wind velocities provide the energy to turn or rotate the
turbine blade which in turn drives the electric generator.

Wind machines come in a variety of shapes and power levels, and can be
tailored to almost any application. Wind speeds above 15 mph (13 kts) are
generally needed for best use of wind driven generator systems. While there
are numerous stations that record average wind velocities, i* is prudent to
have actual site specific measurements before designing and installing a
wind system. For users in the lower 48 states, small wind power systems
(4 kW) for residential use, rated at wind speeds of 25 mph, cost on the
order of $2000. A wind driven generator system is illustrated in Figure
2.4.2-1.

DC output variable w/wind

Voltage .
reg. Storage Batteries DC out: Constant woltage

ACout

Inverter

Resistance heater;
for battery thermal
control

FIGURE 2.4.2-1 Schematic Diagram of
Wind Driven Generator System

2422 History

Wind driven generators are finding uses in many remote locations where
other power sources have previously been used. Small residential wind
systems (4 kW) rated for wind speeds of 25 mph (22 kts) have found use in
the continental US. Commercial power companies in some western states
are beginning to produce megawatt levels of power for their customers. The
issue of reliability stills hampers wide spread application of wind generators
for commercial power production.

2.4.23 Performance Assessment

The efficiency of a wind turbine generator system is around 30%, so this
must be factored into the size calculations. Allowing for a scenario in which
two of the systems are failed it was decided that each turbine would be sized
a little large in order to provide approximately 50% more power than
necessary for driving the remote sites. A table for the designs follows.
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Turbine output is the total of equipment and ba.tery diviced by system
efficiency.

Equipment Battery Turbine Blade

Power Storage Output Radius
sites 1,2,4.5 20w 10w 100 W 7.5 ft
site 3 50 W 25 W 250w 12.0 ft
central site 100 W 50w S00W  25.0 ft

TAHRLE 2.42-1 Summary of Average Prevailing Wind Conditions at

Fort Yukon Alaska for the Period of Jan 80 to Dec 89

Pa rameter Jan Feb Mar Apr May I Jun

wind Dir (Deg) | 02-04 | 02-04 | 02-04 | 02-04 | 02-04 | 0507
Mean Wnd Spd (kts) | 3 4 5 6 7 6
MaxWnd Spd (kts) [ 23 | 35 29 | 26 21 27

Parameter Jul Aug Sep Oct Nov Dec | ANN
e —— -~ =
Wind Dir (Deg) 23-25 | 23-25 | 02-04 | 02-04 | 02-04 | 02-04 |02-04
Mean Wnd Spd (kts) 6 5 5 5 4 3 5
Max wnd Spd (kts) 25 30 30 22 25 30 35

Table 2.4.2-1 contains a summary of wind measurements made at Fort Yukon
between 1980 and 1990. This accumulation of data clearly shows that wind
velocities for this region rarely exceed the minimum recommended levels
for efficient operation of a wind driven generator. Basing the wind turbine
design on 5 knot wind speeds, the months of December and January are the
most likely periods to require battery backup power to meet the power
demands of the seismic observatory. Detailed site specific wind
measurements are required to more accurately deitermine the battery
requirement and wind turbine design.

For this first-order assessment, the battery mass calculations were based on
the two month estimate for backup power, a battery power density of 12
Wh/Ib and a 20% depth of discharge. Battery storage system costs were
based on a value of $0.10/Wh. The battery design calculations follow. The
energy column in the following table is for 2 month battery only operation.
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TABLE 2.4.2 Storage Battery Calculations for a Two Month Backup of
a Wind Generator Power System.

Power Total 2-Month | Pb-Acid Storage
Descrigtion Requirement Ener&r Reqmt | Battery Regmt
RT Sites 36 watts 51,800 Wh 21,600 lbs
ROF plus Site U3 26 wacts 37,400 Wh 15,600 lbs
Distribution Line
Losses 30 watts 95,000 Wh 39,600 Ibs
TOTAL 92 watts 184,200 Wh 76,800 Ibs

2424 Reliability Factors

In order to provide for system redundancy it is estimated that three turbine
systems with the excess power used to provide battery charging would be
required. This arrangement allows for the failure of one of the generators,
while still having a high rate battery charging ability. The rotating
machinery will be subjected to low temperatures, freezing moisture and
gusting winds. Due to these effects this system is expected to have
maintenance requirements on level at least equal with the engine driven
generator concept. There is also a concemn over the fact that the batteries
will need a heated structure to keep them at a reasonable working
efficiency.

2.4.25 Safety and Environmental Factors

The environmental issues associated with a wind system are mainly due to
the battery system and the construction of towers to support the wind
turbines. For efficient performance the wind must have undisturbed access
to the turbine blades. The rule of thumb is that the platforms be designed to
raise the turbine blade tips approximately 30 ft above surrounding wind
shields. Wind shields are any structure or terrain feature that obstructs the
flow of wind: trees, buildings or ridge lines. This is another aspect that
requires detailed site specific information on wind directions as well as
wind speeds. This structure may cause problems with the permafrost over a
period of time. The size of the tower structure is of greatest concern in the
design of a central site system due to the size of the turbine blade.
Electrolyte leakage is the most pressing environmental concern associated
with the battery backup system.

24.2.7 System Costs

The size of the towers needed to support the wind turbine generators raises
many questions regarding the feasibility of installing and operating such a
power system at Burnt Mountain. Under the prevailing site conditiuns, it
appears that a wind generator system could only be installed in a centrally
located configuration: consequently, only costs for that option were
estimated. The centrally located wind driven generator power system was
assumed to be installed at the ROF near site U3.
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The three wind turbine generators for the centrally located power system
were estimated to cost $9.810. The cost of storage batteries and the
expenses associated with installation of the power distribution lines and the
turbine towers was based on estimates for the PV power system. The wind
turbine towers were assumed to 50% more expensive than the solar towers.

Recurring expenses were assumed to consist of annual visits to replace
failed equipment, cost of annual transport and replacement of storage
batteries every 10 years. It was also assumed that annual equipment
replacement costs would be equivalent to one wind turbine generator
system. It was estimated that tower replacement or repair over the life
cycle would be equivalent to the initial cost of one tower installation.

Management and engineering expenses were assumed to be 21.5% of all
other costs.

First year and recurring cost estimates for the wind driven generator system
are contained in Table 2.4.2.7-1.

TABLE 2.4.2.7-1 Summary of Cost Estimates for Wind
Driven Generator Power System for the Burnt Mountain
Seismic Observatory.

Cost Element Cost
Power System Hardware Expenses $28.200
Transport Expenses $81,000
Power Distribution Line Installation $393.000
Wind Turbine Tower Installation $99,000
Management/Engineering $129,300
A. Total First Year Expenses $731,000
Annual Transport Expenses $27.000
Annual Equipment Replacement $9,400
Annual Management/Engineering $7.800
B. Total Annual Expenses $44,200
C. Life Cycle Battery Replacements $55,000
D. Life Cycle Tower Repair $99,000
Total 30-Yr Life Cycle Cost (A+29B+C+D)| $2,167,000
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2428 Summary
The wind generator was determined to be unsuitable for this application due

to poor wind resources and the lack of reliable experience for remote sites.
One contractor was interviewed who had experience with wind driven
generators. The product was dropped due to miserable experience with
wind generators as remote site power sources in the Arctic region. [Delaney,
1993]

The recorded wind data at the Ft Yukon weather observatory indicates that
wind resources in that region are marginal at best for wind generating
systems. Recommended wind speeds for efficient power generation are
above 15 mph. Wind data from Ft Yukon shows averages in the range of 5
mph or less for most of the year. This problem is partially alleviated with
the gusting, but still more site specific wind information is required to give
a more positive recommendation for wird driven generator power systems.
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25 "COMMERCIAL" POWER

25.1 SUMMARY

The examination of this power distribution method was determined to be
impractical for the Burnt Mountain application. From points of view of cost
and environmental impact this option appears to be unworkable.

This concept is simply a power cable connecting Burnt Mountain Seismic
Observatory to a diesel generator site at Fort Yukon. The straight line
distance from Fort Yukon to Burmt Mountain is approximately 55 miles.
Installing a power line requires assessment of several factors upon which
the ultimate configuration of the power installation will depend. For the
distance involved, resistive line losses become a factor. which in turn
influences the operating voltage for the line. Typically, one would prefer low
voltages because there is reduced problems with safety and reliability. High
voltage lines tend to break down more frequently and require greater
shielding for safety. But, the higher voltage lines are also more efficient:
therefore, the motivation for using higher voltages. The design process for a
power line becomes a balancing act between efficiency and safety/reliability
as dictated by operating voltage.

The components in the system are readily available, inexpensive and well
characteristized. Upon consultation with civil engineering organizations in
the Alaskan area, it became readily apparent that the typical engineering
parameters, such as efficiency, technology maturity, were not the primary
players in this type of installation in the Fort Yukon-Burnt Mountain region.
The real engineering challenge for this concept is in managing the
installation of the power line through terrain not suitable for civil
engineering activities. Additionally, reliability requirements for the seismic
observatory would dictate multiple power lines.

There are a number of factors which make the landline a risky enterprise.
The window of opportunity for civil construction in this area is only four
months, at best. Before a power line could be installed the optional routes
between Burnt Mountain and Fort Yukon would require detailed surveying.
The purpose of the survey would be to determine the best route, as a
function of terrain parameters, such as tundra depth, vegatation, stream
fordings, etc. This survey might require as long as four months to complete.

2.5.2 OPTIONS
The options associated with installing an electrical cable are obvious. The
cable can be buried underground, it can be suspended from poles or towers.

or it can be layed along the surface of the ground. Each of these options has
its intrinsic difficulties.

Buried...multiple trenching over the route. Large right-of-ways for
trenching equipment which would lead to heavy environmental impact for
this fragile ecosystem. The straight line distance is roughly 55 miles:
however, the true cable length would be considerably longer than 55 miles.
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This difference, of course, will depend on the route surveys needed to
identify obstacles to be circumvented. The estimate for digging trenches to
bury the power distribution lines between the RCF and the RT sites was
approximately $46,000 per linear mile. Assuming a straightline distance of
55 miles, the trenching expenses from Ft Yukon to Burnt Mountain would be
about $2,600,00. This estimate does not include the expenses associated
with right-of-way clearing, initial route surveying, environmental impact
reports, etc.

Suspended...poles or towers needed to support multiple power lines.
Alyeska pipeline experience indicates that thermal stabilization of any
supporting structure would have to be undertaken.

Surface layed...this option is probably less mechanically damaging to
the cables, but is very vulnerable to damage by wildlife and human vandals.
The act of damaging the cable also leaves the perpetrator vulnerable to
electric shock. Bears in particular appear to enjoy chewing on cables.
There was no data available on this tendency by humans. :

253 FACTORS WEIGHING AGAINST THE COMMERCIAL
POWER OPTIGNS

Buried Power Line...There are concerns regarding the effect of
ground shifting which is characteristic of tundra. Movement of the tundra
can subject any buried lines to heavy shear loads which could stress the
buried cables to failure. There is justification for these concerns...oil
companies are having similar problems with shifting of the Alyeska pipe line
and some of the fences surrounding the seismic observatory sites must be
"replanted” on occasions. The permafrost pushes the fenceposts out of the
ground. Conequently, the land-line concept appears to be of low reliability.

Suspended Power Line...Buried poles or other such supports are
difficult to maintain in the tundra environment. A method of permafrost
stabilization would have to be employed which would lead to additional ccsts
and possibly reduced reliability.

Surface Layed Power Line...low reliability and a significant danger to
wildlife and humans. :

High Cost...cost estimates for constructing the power line have varied
between 32 million and $8.4 million. The wide range is due to the
uncertainity associated with weather and unknown character of the terrain
involved. More accurate costs estimates could only be made following a
complete route survey. The cost of maintenance is also expected to be high
as a result of vulnerability of the power lines to the environment. and
wildlife/buman activities. For example, detecting failures would require
inspecting each foot of cable between Fort Yukon and Burnt Mountain. The
four-month window of opportunity applies to power line maintenance as
well as construction.
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2.6 EMERGING TECHNOLOGIES

In this section other modes of converting heat to electricity are discussed.
The methods discussed in this section for one reason or another have not
shown as much promise as previously discussed methods. While at present
these methods are not well exploited. breakthroughs in materials or
techniques could cause one or more of them to come into prominence.
Table 2.6-1 compares the conversion efficiency of these emerging

technologies and highlights the motivation for developing these
technologies.

-

TABLE 2.6-1 Comparison of Conversion
Efficiencies for Various Emerging Technologies.
Present Future
Technology Efficiency | Efficiency
(%) (%)
Thermionics 10-15 20-25
Thermal Photovoltaics 15-20 >30
Stirling Converters 20 30
HYTEC -- 30
AMTEC 20 30

A few of these technologies are beginning to receive attention for terrestrial
power sources; specifically, Stirling converters and thermionic converters.
Researchers at NASA-Lewis Research Center are developing a 100 watt
propane heated Stirling converter which has potential for remote site
power. This US Stirling converter work is also supplemented by field tests
and developmental work in Great Britain. Engineers and scientists at
Wright Laboratory are developing thermionic power systems as potential
power sources for aircraft and missiles. These thermionic power systems
could also be suitable for remote electrical power systems.

2.6.1 COMBUSTION THERMIONIC GENERATORS

A thermionic power generator converts heat to electricity through
thermionic emission of electrons from a hot metal surface called the
emitter. The electrons are collected on an opposing collector surface and
routed through a load back to the emitter which completes the circuit. The
primary application has been for space nuclear power systems where the
superior power density and high heat rejection temperature makes this
conversion technique very attractive for space system applications. Some
work was done in the 1970s on thermionic topping cycles for steam power
plants and, recently, researchers in Holland and the Former Soviet Union
have engineered thermionic power systems which operate off the exhaust
gases of domestic water heaters.
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The most simple thermionic converter (TIC) consists of two parallel planar
electrodes (emitter and collector) separated by a vacuum space. This form
of TIC is referred to as a vacuum converter. Because the emitted electrons
are charged particles that constitute the working medium of a TIC, they
produce a negative space charge in the region between the emitter and
collector. Unless neutralized, this accumulation of electron charge wiil
severely reduce the converter performance. Several methods have been
- proposed and investigated to limit space charge effects; to include, close-
spaced converters and plasma converters. The plasma converter is the most
successful and widely used method and depends on the introduction of
positive ions into the interelectrode space to neutralize the negative space
charge.

Cesium vapor is the material of choice as the ionization media for plasma
converters. The positive cesium ions provide space charge neutralization
and provide the necessary low work function for the collector surface.
Figure 2.6.1-1 shows several TIC performance curves for a typical planar
converter. The effect of variations in emitter temperature (Te), cesium
vapor temperature (Tcs) and interelectrode spacing (d) is clearly indicated.

In recent years, considerable work has been done on close-spaced
converters, both in the U.S. and the Former Soviet Union. In this type of
thermionic converter, the emitter and collector electrodes are very closely
spaced; e.g., typically less than 0.0005 inch (1.3 x 10-3 ¢m). Close-spaced
converters produce reasonable efficiencies at lower temperatures than
conventional converters. This makes them suitable for use with low
temperature heat sources such as propane combustors and bottoming cycles
of steam power plants.

The major advantages of thermionic converters are their relatively high
efficiency, high power density, and simplicity. Planar thermionic converters
are presently undergoing extended performance testing at Wright
Laboratory. These units produce efficiencies of 13-15% with a typical output
power of about 50 watts. The emitter and collector areas are each 16 square
centimeters and operate at temperatures of 1850K and 1000K, respectively.
Analysis suggests that advanced converter concepts employing advanced
electrode materials, dual vapor ionization and close-spaced electrode
designs could push TIC efficiencies to 25-30%.

The major disadvantage of TIC power systems is the high operating
temperature. In terrestrial applications, the issues of heat loss are more
severe as well as the problems associated with high temperature oxidation of
materials. Close-spaced TICs have been tested recently at approximately
12% efficiency with electrode temperatures of 1300K and 800K,

respectively. However, the 10pm or less electrode spacing presents
reliability and manufacturing problems which must be overcome.
[Fitzpatrick, et al, 1993]
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FIGURE 2.6.1-1 The dependence of power output -
density on electrode spacing in a low pressure
cesium thermionic converter. [Angrist, p286]

Conclusion. At the present time, the lack of demonstrated field experience
in terrestrial applications makes thermionic generators a high risk choice
for the Burnt Mountain power systems. Further, higher thermal losses
intrinsic to the higher operating temperature may offset the advantage of
higher efficiency for a state of the art TIC.

262 THERMAL PHOTOVOLTAICS

Thermal photovoltaics (TPV) is identical to photovoltaics with the exception
that solar radiation is replaced by radiation from a heated body. Such a
radiating structure can Le tailored tc preduce energy in a narrow band of the
spectra, usually shifted toward the infrared. Several materials have been
identified which can produce up to 70% of their radiated energy in a band
only 10% wide. As a result a PV material can be bandgap tailored to match
the radiated energy spectra and produce electrical energy with improved
efficiency. Any heat source can be utilized which produces temperatures of
1000 - 2000 K. The radiative source could be somewhat similar to the
carbon ma tle in a gas fired coleman lantern.

The principal advantage offered by this form of energy conversion is high

efficiency. Theoretical studies indicate efficiencies up to 35% are possible.
Several emitter experiments have demonstrated a radiating structure;
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however, the efficiencies measured to date have not duplicated the
theoretical predictions. The TPV concept is also a static conversion process
which offers good reliability for remotely operated power systems.

The principal disadvantage of the TPV concept is its extremely low
technological maturity. Several technical challenges stand in the way of
realizing an operational field system: cell design development, development
of cell materials, and reliable emitters. Two sources of loss in the TPV
device are reflection and heating. In the former case, reflection losses can
be somewhat mitigated by geometrical arrangement of the radiative source
and the TPV cells. In the case of heating, it is desirable that the incident
spectrum have energies near the energy gap of the semiconductor in order
to minimize the excess photon energy. Excess photon energy does not
contribute to electrical output of the TPV device but only heats the lattice
thus degrading performance. The bottom line is that serious materials
developments are needed to provide a solution to these loss problems.

Conclusion. Interest in the TPV concept has grown recently but the device
is basically a laboratory curiosity and is unsuitable for the Bumt Mountain
application.

2.6.3 COMBUSTION DRIVEN STIRLING CONVERTER

The recently developed free-piston Stirling engine combined with a linear
alternator (FPSE/LA) shows great promise as an electrical power source for
remote, unattended applications. FPSE/LA was initially developed to be
used with radioisotope heat sources for space applications requiring
electrical power in the multihundred-watt range. The ability to scale to
electrical output power levels in the tens of watts, and to be able to couple
FPSE to combustion heat sources, makes it potentially suitable for
application such as the Burnt Mountain Seismic Observatory. With typically
two moving parts, the FPSE is mechanically simple.

The Stirling engine makes use of the pressure changes brought about by
displacing a fixed mass of gas back and forth between a heated region and
cooled region. The configuration for one form of Stirling engine is
illustrated in Figure 2.6.3-1. This type, called a thermo-mechanical
generator (TMG), was developed at the Atomic Energy Research
Establishment, Harwell, England. Work on this concept was performed in
the 1970s [Cooke-Yarbrough, 1974].

In the TMG, heat is converted into mechanical energy by generating cyclic
gas pressure changes at a frequency of about 100 Hz. These pressure
changes deflect a thick metal diaphragm which causes a permmanent magnet
to oscillate between stationary pole pieces. Windings on these pole pieces
deliver alternating current. Various versions of the MG were built and
tested with combustion, electrical, and isotope heat sources. One isotope
heat source was operated for 13 years in the Harwell laboratory. A propane
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heated version provided the primary power source in the UK National Data
Buoy, and operated continuously in the Atlantic for 21 months.

regenerator

FIGURE 2.6.3-1 Basic Arrangement of a
Thermo Mechanical Generator (TMG)

Table 2.6.3-1 contains predicted performance characteristics for a Stirling
engine configuration considered for the Burnt Morintain site.

TABLE 2.6.3-1 Predicted Performance
Characteristics of a Free-Piston Stirling Engine
Electrical Power 120 Watts
Annual Propane Consumption 1100 lbs
Package Dimensions (meters) 2Lx15Wx2ht
Weight 155 lbs

Summary

The Stirling cycle conversion concept possesses some inviting
characteristics; which include:

relatively high efficiency 20 to 30%

compact

Stirling can utilize a variety of heat sources

the TMG or FPSE are relatively simple designs.
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The experience accumulated by the UK with their TMG program reveals

the future promise for Stirling powered remote sites. Of all the emerging
(advanced) conversion concepts, the Stirling technology is probably the
nearest to actual application. However, despite the attractive features of the
Stirling conversion concept, this form of power conversion is, at present,
still a developmental test device with little field experience. It is this
reason that the Stirling conversion concept was not selected as serious
candidate for the Burnt Mountain application.

2.6.4 MICROWAVE POWER BEAMING

Microwave power beaming, in simplest terms, is conversion of electrical
energy to microwaves, transmission of the microwave energy to a distant
antenna and receiver, and reconversion of the microwave energy back to
electrical energy. It was assumed that line of sight (LOS) transmission was
possible for the data illustrated in Table 2.6.4-1. These calculations were
performed as a "sense check" of the power beaming concept. LOS
transmission is presently used to link Burnt Mountain ROF site with Ft
Yukon. If the microwave power beaming concept were seriously considered,
site surveys would be required to measure beam spread and evaluate
potential dangers to human and wildlife.

TABLE 2.6.4-1 Preliminary Analysis of a Microwave Link to
Transmit Power from Fort Yukon to Burnt Mountain, AK.

Freq Antenna Output Input Efficiency
(GHz) Size (Ft) |Power (Watts)| Power (Watts) (%)
2 12 150 1,401,000 0.011
8 12 150 350,000 0.643
12 12 150 233,000 0.064
2 15 150 898,000 0.017
8 15 150 224,000 0.067
12 15 150 149,000 0.100

The advantages of the microwave power beaming concept is that the
electrical power generator would be at an attended location and that there
would be no installed transmission line across the Yukon basin.

The disadvantages of this concept are immediately apparent in Table 2.6.4-
1. If repeater stations are required then the efficiency goes down even
more. Therefore, Table 2.6.4-1 represents a best case scenario. Even more
than efficiency considerations, the potential safety hazards to humans and
wildlife caused by the intense electromagnetic fields is cause for concern
with this concept.
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Conclusions. The rationale for rejecting this concept is also one of technical
maturity. In addition to the low efficiency, there are other technical issues:
reliability of high power microwave devices, clear line of sight path between
Ft Yukon and Bumt Mountain, and the safety issues mentioned above.

2.6.5 HYDROGEN THERMOELECTRIC CONVERTER (HYTEC)

HYTEC is a thermally regenerated fuel cell power system utilizing hydrogen
and lithium or sodium as the fuel cell reactants. The cell produces electric
power by the thermal decomposition of metal hydride and has a high
efficiency approaching Carnot. The technical thrust for this concept is for 5
to 10 KW space power systems where the heat source is radioisotope
material; however, any combustion fossil fuel source could also be used.

Potential advantages of HYTEC are:

Efficiency several times greater than thermoelectrics or
thermionics

Static...no moving parts but efficiency is approximately that of
dynamic cycle conversion (30%)

High power density device

Flexbility in operating temperatures & heat sources

The disadvantages...several developments needed before HYTEC can be
reduced to practice:

Electrolyte development

Memb